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Namen dela je bila primerjava molekularnih metod na osnovi PCR s kultivacijo in ocena 
njihove uporabnosti v bakterijski diagnostiki različnih sindromov. Želeli smo dodatno raziskati 
prvi izbruh z odporno bakterijo Klebsiella pneumoniae in druge izolate, ki krožijo v populaciji. 
Namen je bil tudi ovrednotenje vloge sekvenciranja celotnega genoma v klinični diagnostiki. 
 
Metode 
Za sindrom specifične PCR in 16S evbakterijski PCR smo primerjali s kultivacijo za 
diagnostiko pljučnice, povezane z mehanskim predihavanjem, bakterijskega meningitisa in 
septičnega artritisa. Izolate Klebsiella pneumoniae iz zbirke smo analizirali z metodo 
sekvenciranja nove generacije za določitev genov za virulenčne dejavnike in rezistenco, za 
določitev plazmidov in za tipizacijo. Sekvenciranje naslednje generacije smo uporabili tudi za 
detekcijo Klebsiella pneumoniae iz krvi. 
 
Rezultati 
Ujemanje molekularnih metod in kultivacije je bilo slabo v vzorcih bronhoalveolarne lavaže. Z 
evbakterijskim PCR smo zaznali največ patogenov v primeru meningitisa, prav tako smo 
detektirali mnogo patogenov v vzorcih sklepne tekočine, kjer je bila kultivacija negativna. S 
specifičnimi PCR smo zaznali vse patogene, ki so bili vključeni v panel v vzorcih, ki so bili 
pozitivni tudi z drugimi metodami, razen v enem vzorcu sklepne tekočine. S sekvenciranjem 
celotnega genoma smo določili dodaten izolat, ki spada k znanemu izbruhu z odpornimi 
enterobakterijami in tudi nov dodatni izbruh. Identični plazmid z zapisom za OXA-48 smo 
dokazali v izolatih iz izbruha. V vzorcih krvi smo uspeli detektirati bakterijo Klebsiella 
pneumoniae in jo do neke mere tipizirati. 
 
Sklepi 
Evbakterijski PCR se je izkazal kot koristen za diagnostiko bakterijskega meningitisa, uporaben 
je tudi za dopolnitev diagnostike artritisa, je pa njegova vloga vprašljiva pri vzorcih 
bronhoalveolarne lavaže. Specifični PCR so omejeni z naborom tarč, ki so vključene v test. 
Sekvenciranje naslednje generacije je koristno pri opredelitvi izbruhov in populacijske 
strukture, v bližnji prihodnost pa njegova vloga za rutinsko detekcijo patogenov direktno v 









The aim of the study was comparison of PCR-based molecular methods to cultivation and 
evaluation of their role in bacterial diagnostics of different syndromes. We wanted to further 
investigate the first hospital outbreak of carbapenemase-producing Klebsiella pneumoniae and 
other isolates circulating in the population. We also wanted to evaluate the role of whole-
genome sequencing in clinical samples. 
 
Methods  
Syndrome-specific real-time PCR panels and 16S rDNA eubacterial PCR were compared to 
cultivation for diagnostics of ventilator-associated pneumonia, bacterial meningitis and septic 
arthritis. Klebsiella pneumoniae isolates were analysed with whole-genome sequencing for 
determination of antimicrobial resistance and virulence genes, plasmid content and typing. 




Concordance between molecular methods and cultivation was low in bronchoalveolar lavage 
samples. Eubacterial PCR detected the most pathogens in case of bacterial meningitis and it 
also detected many pathogens in synovial fluid samples, in which cultivation was negative. 
Specific PCR detected all pathogens included in the panels in samples where other methods 
were positive, except in one synovial fluid sample. We were able to determine additional 
outbreak isolate and new potential outbreak with whole- genome sequencing. Identical 
plasmids carrying blaOXA-48 were found in outbreak isolates. Detection and to some extent 
typing of Klebsiella pneumoniae was possible in blood samples. 
 
Conclusions 
Eubacterial PCR proved to be very useful for diagnostics of bacterial meningitis and it also 
seems to be a great complementary tool to cultivation in synovial fluid samples. However, its 
role is questionable in ventilator-associated pneumonia. Specific PCR panels are limited with 
the range of pathogens included in the assay. Whole-genome sequencing was successfully used 
for investigation of the outbreak and clones circulating in the population, although its use for 





Rapid and accurate identification of etiological agent of the infectious disease is one of the 
major challenges in clinical practice. It is the cornerstone of effective patient management and 
administration of appropriate antimicrobial therapy (1,2). Historically, cultivation and 
biochemical tests were considered the “gold standard” for the detection and identification of 
bacterial pathogens. With advances in the field of molecular microbiology, the diagnosis can 
be reached faster, detection of fastidious and uncommon microbes is facilitated and possible 
even after the initiation of antimicrobial therapy (1). Bacterial typing is important for 
epidemiological surveillance and infection prevention measures. Owing to the development of 
molecular methods, infection control has become more efficient (3). With the emergence of 
whole-genome sequencing technologies, typing has become even more detailed and its 
importance has already been shown in several outbreaks (3). 
 
1.1 POLYMERASE CHAIN REACTION 
Polymerase chain reaction (PCR), although dating back to the 1980s (4), is still the most widely 
used molecular method for the detection of pathogens in diagnostic laboratories (1). First, the 
nucleic acid is isolated, followed by the PCR where the target nucleic acid is amplified, and 
amplicon is analysed in case of classical PCR or detection and simultaneous analysis of the 
target sequence is performed when real-time PCR is used (1). PCR can target specific pathogens 
or it can be broad-range such as 16S rDNA PCR (5). However, most molecular methods 
specifically target one pathogen, which provides high sensitivity and specificity (6). The 
abundance of nucleic acid sequencing data freely available in online databases greatly facilitates 
the development of diagnostic and genotyping tools. This enables the identification of virulence 
and resistance genes and identification of pathogens, especially fastidious ones (7).  
 
1.1.1 Broad-range 16S rDNA polymerase chain reaction 
Broad-range PCR is designed to detect multiple possible organisms and this method was 
successfully applied to clinical samples from normally sterile sites. After amplification with 
PCR, the amplicon is sequenced, usually with Sanger sequencing (1,8). For detection of 
bacteria, genes such as rDNA (5S, 16S and 23S) and their intergenic regions have been used 
for taxonomic purposes and identification because they are universally present in all 
prokaryotes. At the same time, they contain genus- or species-specific hypervariable regions, 
which are flanked by highly conserved sequences targeted by PCR primers (2,6). The 16S 
rDNA is a ~1500 base pairs long gene coding catalytic RNA, a part of 30S ribosomal subunit. 
It allows for identification to the genus and in most cases to the species level. The 5’ end of the 
gene is often sufficient for identification (1,2).  
The advantage of broad-range PCR is its ability to detect microbes that are less common, have 
special growth requirements or when antimicrobial therapy had been administered to the patient 




range PCR is more prone to contamination with exogenous DNA which can be introduced 
during sample collection, sample handling or by the reagents (2,6). Different methods for 
overcoming this problem have been employed and reducing the number of PCR cycles seems 
to be the most effective (6). To minimize the problem, primers and probes targeting 16S rDNA 
have also been modified for real-time broad-range PCR (1). Sanger sequencing following 
broad-range PCR is problematic when multiple species are present in the clinical sample (8). 
Software with different algorithms, such as Pathogenomix RipSeq, has been employed to 
facilitate delineation of DNA sequences from multiple bacterial species in such cases (9). 
 
1.1.2 Species-specific real-time polymerase chain reaction 
Syndrome-driven diagnostics is based on simultaneously detecting a panel of microbial agents 
involved in a particular syndrome. Syndromic testing can be based on real-time or classical 
species-specific PCR (10). Commercial real-time assays were developed for various clinical 
syndromes, such as central nervous system, respiratory, bloodstream, gastrointestinal, sexually 
transmitted and prosthetic joint infections (11–13).  
Detection of the product can be based on fluorescent DNA dyes or fluorescently labelled 
oligonucleotide probes, which are more popular, mainly because of their higher specificity and 
lower susceptibility to non-specific PCR products such as primer dimers (14). 
Real-time PCR enables much more rapid detection of pathogens, as amplification and detection 
of the target happen simultaneously, approximately in an hour. This also reduces the possibility 
of contamination because there is no post-PCR processing. Its sensitivity is increased in 
comparison to conventional PCR (1,10). Real-time PCR can be quantitative, meaning the 
amount of product is measured by comparison to the standards with known concentration of 
the analyte (1). 
However, with species-specific PCR we can only detect species (or genes) included in the panel. 
All PCR methods (conventional and real-time) also face the problem of DNA extraction, since 
the effectiveness of DNA extraction protocols is not the same for Gram-positive and Gram-
negative bacteria (5).  
 
1.2 WHOLE-GENOME SEQUENCING 
For the use of PCR-based molecular methods a priori knowledge about a possible pathogen is 
required at least to some extent. Sequence analysis with next-generation sequencing (NGS) can 
overcome this problem since all nucleic acids in the sample are amplified (15,16). With NGS, 
the whole genome can be sequenced either from the bacterial culture or from clinical samples 
(metagenomics) and multiple species can be detected at the same time (15). An advantage of 
NGS is that a single protocol can be used for all pathogens and for the purpose of identification 




stewardship, outbreak investigation, infection control procedures and finally, discovery of new 
pathogens (16).  
With shotgun NGS, no specific primers are needed because sequencing is performed at random 
(15). There is, however, the possibility of a targeted approach where conserved primers are 
used, e.g. for 16S rDNA (15,17). Modern sequencers cannot sequence whole genome in one 
part, so previous fragmentation of the genome is needed. The maximum length of sequenced 
fragments varies between 100-1000 base pairs in short-read sequencers such as Illumina and 
Ion Torrent, however newer generations of sequencers such as MinION from Oxford Nanopore 
can generate reads of more than 200 kb pairs (15). Illumina sequencers work by synthesis of 
fluorescent terminators while MinION and GridION detect the changes in the current which 
happen when a specific nucleotide passes the nano-pores (15). 
The disadvantage of NGS is that the protocol is still cumbersome and it can take several days 
from the DNA isolation to the final result. The procedure also involves a significant amount of 
bioinformatics knowledge, although some user-friendly programs are already available (15,16). 
With advances in the field the costs decreased, but remain too high for routine diagnostics in 
an average laboratory, especially since the investment in the equipment and sequencers is 
significant (15). 
 
1.2.1 Bacterial typing and detection of virulence and resistance genes 
The “gold standard” in bacterial typing and assessment of relatedness between bacterial isolates 
has long been restriction fragment length polymorphism (RFLP) analysis with pulse-field gel 
electrophoresis (PFGE). PFGE is a method that is not based on sequencing of nucleic acid but 
rather on the separation of restricted DNA fragments in agarose gel under electric field which 
is periodically changing its direction (1). Other methods such as single-locus sequence typing, 
single-nucleotide polymorphisms (SNPs) typing and multilocus sequence typing (MLST) are 
more expensive sequencing-based genotyping methods, used for population diversity and 
epidemiological studies (1,16). With MLST, a comparison of sequence variation in the 
housekeeping genes is performed, and MLST is a widely used genotyping method due to 
publicly available software, curated databases for many clinically relevant bacterial pathogens 
and consequently relatively easy interpretation (1,18). Apart from RFLP and MLST, capsular 
polysaccharide typing (K typing) was widely used for characterization of K. pneumoniae 
isolates as many of the K. pneumoniae K types are associated with virulence or infections in 
particular organs. The method is difficult to perform, therefore wzi sequencing was developed 
to predict the K types (19). Sequencing of the wzi following PCR, is inexpensive in comparison 
to PCR-based MLST, and it proved to have similar discriminatory power to MLST (20). 
Conventional susceptibility testing is still the method of choice for phenotypic detection of 
antimicrobial resistance. It is, however, based on bacterial isolates grown in culture so it can 
take several days to receive the results (21). Molecular tests and newer phenotypic tests, such 
as Carba NP or Carbapenemase Inactivation Method (CIM) for detection of carbapenemases, 




without prior cultivation (21–23). PCR can be performed directly from clinical samples, 
nevertheless, special caution must be taken when using molecular assays, since detection is 
only possible for resistance genes targeted by primers and probes. Furthermore, resistance can 
occur as a result of mechanisms different from known resistance genes and some isolates, 
although tested positive with PCR, can be phenotypically susceptible, so these methods can 
only be performed in parallel with cultivation and classical susceptibility testing (21,24). 
Detection of resistance genes, virulence genes, plasmid types and different methods for typing 
can all be applied in the analytical part of NGS (16). With the analysis of the whole-genome 
sequences provided by NGS we are able to extract sequence types (STs) using a MLST scheme, 
which allows us to compare the results to conventional MLST (15). However, with NGS core-
genome MLST (cgMLST) using conserved core genome and whole-genome MLST (wgMLST) 
including variable accessory genes, can be performed, showing even higher discriminatory 
power than MLST (15,16). 
Detection of resistance genes and virulence profile can assist in the selection of antimicrobial 
therapy, prediction of disease severity and outcome of the infection, and it can be easily 
achieved by using online tools for whole-genome sequences (15).  
 
1.2.2 Clinical metagenomics 
The role of NGS in clinical microbiology will likely increase in the next years, not only for 
research purposes, infection prevention and outbreak characterization, but also for molecular 
diagnostics (15). Nonetheless, direct detection of pathogen from clinical samples faces 
challenges, mainly the low copy number of pathogens and the high level of background DNA 
originating from the host (16).  
Possible detection of all pathogens – bacteria, viruses, fungi and parasites – potentially present 
in a clinical sample is very appealing (17). The presence of antimicrobial resistance genes and 
virulence genes can also be ascertained directly from clinical samples while at the same time, 
additional information can be extracted, e.g. microbiome characterization and host response 
(15,17). It remains challenging to decide if a detected organism is a true pathogen, contaminant 
or colonizer. There are no standards set and costs, turnaround time and regulatory 
considerations remain a disadvantage in implementing metagenomics in clinical practice (17). 
Less than 1% of the reads is usually non-host, so only a small proportion corresponds to the 
pathogen. The sensitivity is lower when the host background is high, e.g. in tissues and synovial 
fluid, while plasma, bronchoalveolar lavage and centrifuged cerebrospinal fluid have lower host 
background, which makes them more appropriate for metagenomic NGS (17,25). Several 
procedures have been established for depletion of host DNA, but some may also affect potential 
pathogen in the sample. Since most reagents and consumables are not DNA-free, they can be a 




The potential of clinical metagenomics has been proven before; for example, the diagnosis of 
neuroleptospirosis in a 14-year old boy with meningoencephalitis was only possible due to NGS 
of cerebrospinal fluid after an extensive microbiological examination was negative and 
immunohistochemical testing and electron microscopy also did not reveal any fungi, bacteria 
or viruses. Appropriate treatment was administered and the patient was discharged from 
hospital after 76 days of hospitalization (26).  
Although viral loads are commonly detectable in blood samples during viraemia or reactivation, 
bacterial and fungal loads are usually low (27). Shotgun metagenomics in blood samples has 
been successfully used for detection of bacterial pathogens, and in some samples even 
antimicrobial resistance genes were detected (28–30). In a study by Grumaz et al. (30) NGS 
performed on blood samples had even higher positivity rate than blood cultures. 
A challenge remains user-friendly software for bioinformatical analysis, and most of the 
analysis is currently performed using customized pipelines. Storage of large sequencing data is 
also problematic because of the actual space needed on servers as well as due to privacy issues, 
since many of the reads correspond to the host (17). The cost is still fairly high and most of the 
methods are performed manually resulting in long hands-on time. It does not seem probably 
that clinical metagenomics will be routinely used in the immediate future (17). 
 
1.3 CLINICAL SYNDROMES 
Over the past decade, new technologies including molecular assays have improved the 
diagnosis of infectious diseases. Molecular assays based on multiplex real-time PCR enable 
simultaneous detection of multiple pathogens associated with a specific clinical syndrome (11). 
Consequently, knowledge about the most common and relevant organisms involved in 
development of the disease is important when developing syndrome-based pathogen detection 
assays. 
 
1.3.1 Ventilator-associated pneumonia 
Ventilator-associated pneumonia (VAP) is a lung parenchyma inflammation caused by 
pathogens not present at the time of introduction of mechanical ventilation (31). Bacterial 
pathogens enter the lower respiratory tract by microaspiration during intubation, secretions 
leaking around the endotracheal tube cuff or through the lumen of the endotracheal tube where 
bacterial biofilm forms. Due to local trauma and inflammation caused by the endotracheal tube, 
tracheal colonization is increased, while the ability of lower respiratory tract to clear the bacteria 
and secretions is decreased (32).  
VAP occurs in up to 28% of patients receiving mechanical ventilation for at least 48 hours and 
accounts for 80% of hospital-acquired pneumonia (31–33). It is usually divided in early- and 




mechanical ventilation. The pathogens involved often differ as well as the prognosis, which is 
usually better in early-onset VAP (31).  
Several species of aerobic Gram-negative bacilli and Gram-positive cocci are associated with 
VAP. The commonest bacterial pathogens involved in early-onset VAP are methicillin-
sensitive Staphylococcus aureus (MSSA), Haemophilus influenzae, Streptococcus 
pneumoniae, Escherichia coli, Proteus spp., Enterobacter aerogenes, K. pneumoniae and 
Serratia marcescens. Typical bacterial agents causing late-onset VAP are Pseudomonas 
aeruginosa, methicillin-resistant S. aureus (MRSA), E. coli, K. pneumoniae, Enterobacter spp., 
Acinetobacter spp. and Stenotrophomonas maltophilia (31,32). Polymicrobial infections occur 
in up to 25% of cases, however some studies report even higher rates depending on the bacteria 
considered pathogens (34,35).  
Oropharyngeal flora in BAL specimen is usually considered contamination regardless of the 
quantity, however, guidelines are uncertain regarding its role in VAP (36,37). Bacteria such as 
viridans streptococci, coagulase-negative staphylococci, Haemophilus spp. (without H. 
influenzae), Moraxella spp., Corynebacterium spp., Neisseria spp., Peptostreptococcus spp., 
Stomatococcus spp., and Prevotella spp. were reported to be involved in 14% of VAP. It was 
also reported that anaerobes are an underestimated cause of VAP, and they were shown to be 
responsible for 23% of infections in a study by Dore (38), when strict anaerobic conditions were 
applied to all steps of handling the specimen, from transport to cultivation.  
Currently there are no standards for the definition of VAP nor confirmation of the diagnosis 
(32). A combination of clinical signs, radiologic criteria and microbiological findings is usually 
employed. Culture from endotracheal aspirate, bronchoalveolar lavage (BAL) or protected 
specimen brush specimens is most commonly used for microbiological confirmation of 
diagnosis (32). Although BAL provides the best overall picture of bacterial burden in the lungs, 
it is prone to contamination and low specificity has been reported from patients with high level 
of tracheobronchial colonization (31). To reduce the impact of contamination in BAL samples, 
a threshold of 104 CFU/mL is usually applied to discriminate between true pathogens and 
contaminants (31,32). Susceptibility testing is recommended in order to administer appropriate 
antimicrobial treatment (33). 
 
1.3.2 Bacterial meningitis 
Meningitis and encephalitis are life-threatening infections of the central nervous system, with 
frequent neurological sequelae (39,40). Symptoms may vary from fever, headache and neck 
stiffness to nausea and altered mental status (40). The management of the disease is dependent 
on the many bacterial or viral pathogens that can be involved (39). Viral meningitis is more 
common than bacterial, yet it is usually less severe (41). 
Different pathogens can be involved in bacterial meningitis, however the most common are S. 
pneumoniae, Neisseria meningitidis, Streptococcus agalactiae, H. influenzae, Listeria 




carried asymptomatically in the nasopharynx, while L. monocytogenes is usually spread with 
contaminated food and can be also found in the environment, e.g. soil, water and sewage (40). 
Due to availability of vaccines the prevalence of pathogens in certain age groups is often 
changed (40), e.g. H. influenzae meningitis is now predominantly found in adults, resulting in 
S. pneumoniae becoming the commonest bacterial pathogen causing meningitis (42). 
Neonatal meningitis is usually caused by S. agalactiae, E. coli, and L. monocytogenes. In 
children aged three months or older and adults, S. pneumoniae and N. meningitidis account for 
the majority of cases. In the elderly, the main pathogens are S. pneumoniae and L. 
monocytogenes. Nosocomial meningitis, usually after neurosurgical procedures, is often caused 
by staphylococci and aerobic Gram-negative bacteria (42). 
In Slovenia, S. pneumoniae meningitis was reported in 18, 5 and 22 patients in the years 2016, 
2017 and 2018, respectively. Invasive N. meningitidis infections were reported in 7 cases in 
2016, 11 in 2017 and 19 in 2018, with meningitis accounting for the majority of the reports. 
The incidence of invasive H. influenzae infections was 19–20 per year in aforementioned years, 
data about meningitis cases was not available (43–45). 
Lumbar puncture must be performed for examination of cerebrospinal fluid (CSF). The “gold 
standard” for diagnosis of bacterial meningitis is CSF culture, accompanied with in vitro 
susceptibility testing (40,42). Aerobic cultivation is mandatory for community-acquired 
bacterial meningitis, however anaerobic cultivation is important for meningitis following 
neurosurgical procedures (42). Gram staining of CSF, latex agglutination testing and PCR are 
additional diagnostic methods required especially when CSF cultures are negative (42). Broad 
range 16S as well as multiplex real-time PCR have a high specificity. Nevertheless, both 
sensitivity and specificity are dependent on bacterial load in CSF and volume of collected CSF. 
(40,46). Commercial PCR such as FDA-approved FilmArray are readily available for 
diagnostics of meningitis and encephalitis with a promise of easy handling, quick results and 
broad panel of tested pathogens (41). 
Empirical treatment for bacterial meningitis should be administered as soon as possible, and 
rapid identification of the pathogen is especially important for L. monocytogenes meningitis, 
which requires additional antimicrobial treatment, and for N. meningitidis, since prophylaxis is 
needed for close contacts of patients (40).  
 
1.3.3 Septic arthritis 
Incidence of septic arthritis in recent years is rising due to ageing population and intensive use 
of orthopaedic devices and immunosuppressive treatment (47–50). Elderly people and children 
are usually affected, although the disease can affect people of all ages (48,49). Classically, acute 
septic arthritis presents with a 1–2-week history of painful and swollen joint with a restricted 
range of motion, accompanied by malaise and fever (48,49). A single joint is usually affected, 
most often large joints, however smaller or multiple joints can be involved (49). Underlying 




occurs as a result of bacteraemia and sometimes direct trauma in case of bites or intravenous 
drug use (49,51). Fast diagnosis is needed for appropriate treatment, which is crucial for 
avoiding irreversible joint destruction (48,49). 
S. aureus is the most important organism involved in septic arthritis, although a decline has 
been observed in favour of other microorganisms. Nonetheless, the increase in MRSA has been 
reported especially in the elderly and as a result of previous orthopaedic procedures (48–50). 
Streptococcus spp. are the second most common pathogens causing septic arthritis in adults 
(48,49). Streptococcus pyogenes is the commonest streptococcus associated with trauma, 
chronic skin infections and autoimmune disorders. S. agalactiae is frequently found in elderly 
patients, especially ones with chronic diseases (48). 
Other Gram-positive cocci and Gram-negative bacilli are less common (48,50,52). E. coli, 
Proteus mirabilis, Klebsiella spp. and Enterobacter spp. are rare and usually affect patients at 
the extremes of age, immunocompromised patients and intravenous drug users (48); however, 
higher incidence of E. coli has been reported in cases of osteoarticular infections with 
bacteraemia (53). Neisseria gonorrhoeae and N. meningitidis are the most frequently involved 
organisms from the group of Gram-negative cocci (48).  
Since the introduction of H. influenzae type B vaccine, the incidence of H. influenzae septic 
arthritis in paediatric population has declined. S. aureus and S. pneumoniae are the most 
frequently found organism in children, along with Kingella kingae, a normal commensal from 
the oropharynx, which is especially common in children of 2 years and younger (48).  
Anaerobes are rarely isolated, yet their role could be underestimated due to prolonged 
incubation and anaerobic conditions needed for cultivation (48,52). Among anaerobic bacteria 
Finegoldia magna and Cutibacterium acnes (formerly Propionibacterium acnes) are the most 
common (52). 
Many report that blood culture should be obtained when septic arthritis is suspected, as 
haematogenous spread of pathogens to the joint is the most common cause (48–50). However, 
cultivation of synovial fluid is necessary for diagnosis of septic arthritis (47,48,54). Some 
propose the use of blood culture media for cultivation of synovial fluid as it may increase the 
diagnostic yield (47,48,55). Broad-range PCR has been demonstrated as useful in some studies, 
especially for K. kingae and anaerobic bacteria such as C. acnes (52). 
 
1.4 Klebsiella pneumoniae 
K. pneumoniae is a Gram-negative bacterium from the family Enterobacteriaceae (53). It is a 
known pathogen, mostly associated with nosocomial infections and it can be found in wide 
range of habitats from gastrointestinal tract of humans and animals to soil, water and plant 
species (53,56). Commensal colonization is common in gastrointestinal and respiratory tract 
but their prevalence varies depending on recent healthcare contact, age group and geographical 




manifestations are pneumonia, urinary tract and wound infections (56). It is the second most 
common cause of Gram-negative bloodstream infection, which are usually a complication of 
urinary, gastrointestinal or respiratory tract infections (57). The most susceptible are neonates, 
elderly and immunocompromised (56). Community-acquired infections caused by K. 
pneumoniae include endophthalmitis, pneumonia, necrotizing fasciitis, pyogenic liver 
abscesses and meningitis (53,56). Hypervirulent strains often cause infections in uncommon 
places and multiple sites of the body, accompanied by bacteraemia (56). 
 
1.4.1 Carbapenemase-resistant Klebsiella pneumoniae 
Antimicrobial resistance is a matter of concern worldwide and carbapenemase-producing 
Enterobacteriaceae (CPE) pose a major threat to human health. Resistance to carbapenems can 
be caused by production of carbapenemases (KPC, NDM, OXA-48, VIM), spreading mainly 
due to acquired plasmids or other mobile elements, and permeability alterations caused by the 
loss of porins and overexpressed efflux system (58,59).  
In recent years, increased resistance to carbapenems in K. pneumoniae has been reported in 
several European countries, with variable distribution of predominant types of carbapenemases 
(58,60,61). The most common outbreak-associated K. pneumoniae clonal groups (CGs) are 
CG258 (ST258 and its derivatives, including ST11, ST340 and ST437), CG14/15, CG17/20, 
CG43 (including ST101) and ST147 (62). A recent study shows that the most common clonal 
lineages in Europe are indeed ST11, ST15, ST101, ST258 and their derivatives (60), and also 
an emerging high-risk clone ST307 (63,64). High-risk clones ST258, ST14, ST37, ST147 and 
ST101 are associated with carbapenemase resistance, while ST15 and ST17 usually carry 
extended spectrum beta-lactamases (53).  
 
1.4.2 Situation in Slovenia 
In Slovenia, systematic laboratory surveillance of carbapenem-resistant (CR) 
Enterobacteriaceae began in the second half of 2010. Until late 2014, only sporadic cases of 
CPE were detected (up to 10 patients with CPE per year), isolated mainly from surveillance 
samples. Colonization and/or infection with such strains was most frequently associated with 
previous hospitalization abroad, notably Serbia (65). Slovenia lies at the eastern border of Italy 
and northern border of the Balkans, where the epidemiological situation has been worsening 
for years, with most countries reporting at least sporadic hospital outbreaks and two countries 
reporting interregional spread (66,67). The worst affected country in the Balkans is Serbia with 
high incidence of CR-K. pneumoniae (67), mainly NDM-1 and OXA-48 producers (61,68). 
Italy is also an endemic country with predominately KPC carbapenemases (60,61,66), which 
has recently experienced a significant NDM outbreak (69).  
In Slovenia, as elsewhere, K. pneumoniae was the most frequently isolated CPE species (50%), 
followed by Enterobacter spp. (25%) and E. coli (17%) (64,65,70). During the period 2014–
2017, a total of 91 patients with carbapenem producing (CP)-K. pneumoniae were identified, 




the end of October 2014 in the largest tertiary teaching hospital, lasting until February 2016. A 
total of 40 patients were affected: OXA-48- and/or NDM-producing K. pneumoniae were 
isolated from 31 patients, CP-K. pneumoniae and CP-E. coli producing OXA-48 and/or NDM-
1 were simultaneously present in a further seven patients, and OXA48-producing E. coli alone 
was detected in two. Two patients had also other CPE in combination with CP-K. pneumoniae. 
The outbreak was investigated with classic epidemiological investigation and genotyping of the 
isolates was performed using XbaI-PFGE and MLST determination (71). 
While data obtained using classical approach can provide a general overview of the situation, 
data obtained using whole-genome sequencing (WGS) gives a much more detailed and 
relatively rapid insight into the situation. Not only does WGS have much higher discriminatory 
power than PFGE (72), but it also allows simultaneous detection of antimicrobial resistance 






2 AIMS AND HYPOTHESES 
The aim of the study was the introduction of different syndrome-based specific multiplex PCR 
for detection of bacterial pathogens causing ventilator-associated pneumonia, bacterial 
meningitis and septic arthritis, evaluation of their role in microbiologic diagnostics and 
comparison of the method with classical microbiological diagnostic modalities (cultivation, 
identification, antibiogram), as well as with 16S rDNA eubacterial PCR. We also wanted to 
assess the role of molecular methods in identifying antimicrobial resistance compared to 
classical antimicrobial sensitivity testing (antibiogram) and their role in determining virulence 
factors using model organism K. pneumoniae. Typing was performed with next-generation 




- Eubacterial PCR is expected to permit more rapid and frequent detection of pathogens than 
standard cultivation methods, leading to a concordant identification with both methods. 
- Syndrome-based multiplex PCR is expected to detect specific bacterial pathogens more 
often and more rapidly than eubacterial PCR. 
- We expect to determine the role of next-generation sequencing in clinical bacteriology and 






3 MATERIALS AND METHODS  
The study was divided in two parts. In the first part standard microbiological testing 
(cultivation) was compared to molecular methods in the form of classical PCR targeting 
bacterial 16S rDNA and specific PCR in real-time for detection of specific bacterial pathogens 
associated with each clinical picture. In the second part, whole-genome sequencing on K. 
pneumoniae was performed, allowing bacterial typing and detection of resistance genes, 
virulence genes and, to some extent, plasmids by using a single sequencing protocol. 
Additionally, spiked blood samples with previously determined K. pneumoniae were used to 
evaluate possible detection and typing of bacteria with whole-genome sequencing directly in 
the clinical sample. 
 
3.1 SUBJECT SELECTION 
Subjects and controls for syndrome-specific bacterial testing with cultivation and PCR-based 
molecular methods were selected according to the criteria set for specific clinical presentation.  
 
3.1.1 Subject selection for identification of bacterial pathogens causing ventilator‒
associated pneumonia 
Patients admitted to University Medical Centre Ljubljana, Department of Infectious Diseases 
or Department of Intensive Internal Medicine, from 6th Jan 2017 to 9th Dec 2018, with suspected 
ventilator‒associated pneumonia (VAP) defined by the treating physician, which met the 
following criteria were included in the study: 
- onset of clinical signs of pneumonia at least 48 h after endotracheal intubation, 
- clinically and radiographically and/or laboratory confirmed pneumonia (33).  
There were no negative controls in the case of ventilator-associated pneumonia since the 
collection of a specimen (bronchoalveolar lavage fluid or bronchial washing fluid) is an 
invasive procedure. 
 
3.1.2 Subject selection for identification of bacterial pathogens causing meningitis 
Patients admitted to University Medical Centre Ljubljana, Department of Infectious Diseases 
from 17th Nov 2015 to 19th May 2019 were included in the experimental or control group.  
Patients with suspected bacterial meningitis defined by the treating physician were included in 
the experimental group. The following criteria had to be met: 
- clinical presentation corresponding to purulent meningitis (elevated body temperature 
and/or neck stiffness and/or altered mental status), 




The control group consisted of patients with suspected viral meningitis. The following criteria 
had to be met: 
- clinical picture corresponding to serous meningitis (elevated body temperature and/or 
headache and/or sickness and vomiting), 
- levels of white blood cells in cerebrospinal fluid up to 500 x 106/L (73). 
 
 
3.1.3 Subject selection for identification of bacterial pathogens causing septic arthritis 
Patients admitted to University Medical Centre Ljubljana, Department of Infectious Diseases 
or Department of Rheumatology, from 5th Jan 2016 to 27th Nov 2017 were included in the study. 
Patients with suspected septic arthritis defined by the treating physician, which met the 
following criteria were included in the experimental group (67): 
- clinical picture corresponding to septic joint inflammation. 
The control group consisted of patients with inflammatory rheumatic disease (rheumatoid 
arthritis, spondyloarthritis, crystal‒induced arthritis), receiving joint puncture for other reasons.  
 
3.2 STANDARD MICROBIOLOGICAL TESTING  
Standard testing with cultivation and identification was performed on clinical samples 
(cerebrospinal fluid, synovial fluid, bronchoalveolar lavage fluid and bronchial washing fluid). 
Samples were inoculated on agar plates or in liquid media and incubated. Detection and 
identification of the possibly growing bacteria was performed with MALDI Biotyper system. 
 
3.2.1 Cultivation and identification of bacterial pathogens causing ventilator‒
associated pneumonia 
Samples (bronchoalveolar lavage fluid or bronchial washing fluid; BAL samples in further text) 
were first treated with dithiothreitol (Sputasol, Oxoid, Basingstoke, UK) in a 1:1 ratio, vortexed, 
incubated for 15 minutes and then vortexed again. 
After centrifugation at 3200 rpm for 20 minutes, the supernatant was removed, leaving the pellet 
and 0.5 ml of liquid behind. The pellet was resuspended in the remaining liquid, 5 µL of which 
was inoculated on the each of four agar plates by semiautomated processing using BD Kiestra™ 





Table 1. Media and conditions for cultivation of pathogens in bronchoalveolar lavage fluid samples. 
Medium Temperature (°C) Atmosphere Incubation period (h) 
Blood agar 35±1 Aerobic 48 
MacConkey agar 35±1 Aerobic 48 
Colistin nalidixic acid agar  35±1 Aerobic 48 
Chocolate agar 35±1 5‒10% CO2 48 
 
When cultivation for additional bacteria (anaerobes, actinomycetes) was requested, the 
resuspended pellet was additionally inoculated on Schaedler agar and Blood agar and incubated 
anaerobically at 35±1 °C for 48 h.  
Bacterial isolates which grew in concentration of at least 100 colony-forming units (CFU)/mL 
were identified to species level using MALDI Biotyper system (Microflex LT, Brucker 
Daltonics, Bremen, Germany). 
 
3.2.2 Cultivation and identification of bacterial pathogens causing meningitis  
CSF was inoculated in liquid media and on agar plates and incubated under different conditions 
(Table 2). In the case of growth in liquid media, liquid media was inoculated on the solid media 
shown in Table 2. Growing culture was identified to species level using MALDI Biotyper 
system (Microflex LT, Brucker Daltonics, Bremen, Germany) (76,77). 
 
Table 2. Media and conditions for cultivation of cerebrospinal fluid samples 
Medium Temperature (°C) Atmosphere Incubation period (h) 
Thioglycolate brotha 35‒37 Aerobic 96  
Tarozzi brotha 35‒37 Aerobic 96 
Columbia agar with »Staph streak«  35‒37 Aerobic 48 
Chocolate agar 35‒37 5‒10% CO2 48 
Schaedler agar 35‒37 anaerobic 48  
Legend: a liquid media 
 
 
3.2.3 Cultivation and identification of bacterial pathogens causing septic arthritis  
Synovial fluid was inoculated to the media described in Table 3. In case of growth in liquid 
medium, the liquid medium was inoculated on Columbia agar with »Staph streak« and 






Table 3. Media and conditions for cultivation of pathogens in synovial fluid. 
Medium Temperature (°C) Atmosphere Incubation period (h) 
Thioglycolate broth
a
 35‒37 Aerobic 96 
Columbia agar with »Staph streak«  35‒37 Aerobic 48 
Chocolate agar 35‒37 5‒10% CO2 48 
Schaedler agar 35‒37 anaerobic 48 
Legend: 
a
 liquid medium 
 
Some synovial fluid samples were sent in blood culture media (BD BACTECTM Peds PlusTM/F, 
BD BACTECTM Plus Aerobic/F, BD BACTECTM Lytic/10 Anaerobic/F; Becton Dickinson and 
Company, Sparks, MA, USA). In case of aerobic or paediatric blood culture bottle, 2 ml of 
Fastidious organisms supplement BD BACTECTM FOSTM KIT (Becton Dickinson and 
Company, Sparks, MA, USA) was added to the bottle. Samples were incubated in the blood 
culture machine for five days. In case of positive results, sample was inoculated to the media 
shown in Table 3. 
Growing culture was identified to specie level using MALDI Biotyper system (Microflex LT, 
Brucker Daltonics, Bremen, Germany).  
 
3.2.4 MALDI‒TOF mass spectrometry identification 
For identification of bacterial culture, a bacterial colony was smeared to the MALDI sample 
holder. Once the colony was air‒dried, 1 µl of HCCA (α‒Cyano‒4‒hydroxycinnamic acid; 
Bruker Daltonics, Bremen, Germany) was added. The sample holder was inserted in the 
MALDI Biotyper system (Microflex LT, Brucker Daltonics, Bremen, Germany). Mass spectres 
were compared to a spectral database (78). Results were accepted as appropriate when the 
identification score was > 2 and the morphology of the bacterial colony matched the 
identification. 
 
3.3 MOLECULAR METHODS FOR DETECTION AND 
IDENTIFICATION OF BACTERIAL PATHOGENS 
Samples for molecular detection of bacteria were pretreated and DNA was automatically 
isolated. The same DNA isolate of each sample was used in specific real-time PCR for detection 
of specific pathogens associated with different clinical pictures and for broad‒range 16S PCR 
with Sanger sequencing.  
 
3.3.1 Pretreatment of samples and DNA isolation 
Bronchoalveolar lavage fluid, bronchial washing fluid and synovial fluid samples were 
homogenised using MagNA Lyser Instrument (Roche, Germany) in MagNA Lyser Green 




Bacteria Lysis Buffer (Roche, Mannheim, Germany) was added in a 1:1 ratio before 
homogenisation was performed (79). When adequate amount of CSF was received, 1.5 ml of it 
was centrifuged 14,000 rpm for 15 minutes. Supernatant was removed leaving 500 µL of CSF 
for pellet resuspension which was used for automated isolation. In case of insufficient volume 
of CSF, MagNA Pure Bacteria Lysis Buffer (Roche, LifeScience, Mannheim, Germany) was 
added to add up to 400 µl. 
DNA was automatically isolated with MagNA Pure Compact Instrument (Roche, Germany) 
using DNA Bacteria V3 protocol and MagNA Pure Compact Nucleic Acid Isolation Kit I 
(Roche, Mannheim, Germany) (79,80), with elution volume of 100 µL for respiratory samples 
and synovial fluid and 50 µL for CSF, or with MagNA Pure 24 Instrument (Roche, Mannheim, 
Germany) using Pathogen 2.0 protocol with 100 µL elution volume and Magna Pure 24 Total 
NA Isolation Kit (Roche, Mannheim, Germany). 
 
3.3.2 Broad range 16S polymerase chain reaction 
Broad range 16S PCR (eubacterial PCR), using universal primers (Table 4) annealing to the 
16S rRNA gene, was performed, adapted from Harris and Hartley, 2003 (6). Reaction mixture 
with final volume 50 µl contained the reagents, shown in Table 5 and PCR was running under 
conditions shown in Table 6. 
 
Table 4. Primers for broad-range eubacterial PCR (adapted from Harris and Hartley, 2003) (6). 
Primer (TIB Molbiol, Berlin, Germany) Name Sequence 
Forward 16SFa gCT CAg ATT gAA CgC Tgg 
Forward 16SFb gCT CAg gAY gAA CgC Tgg 
Reverse 16SR TAC TgC TgC CTC CCg TA 
 
Table 5. Reagents used in broad-range eubacterial PCR (adapted from Harris and Hartley, 2003) (6). 
Mastermix  Volume per sample (µl) 
Nuclease‒Free water (Qiagen, Hilden, Germany) 32.70 
10 x Reaction Buffer (Minerva Biolabs, Berlin, Germany) 5.00 
MgCl2 (25 mM) (Minerva Biolabs, Berlin, Germany) 2.00 
dNTP mix (10 mM) (Applied Biosystems, Warrington, UK) 4.00 
Primer 16SFa (50 µM) (TIB Molbiol, Berlin, Germany) 0.25 
Primer 16SFb (50 µM) (TIB Molbiol, Berlin, Germany) 0.25 
Primer 16SR (50 µM) (TIB Molbiol, Berlin, Germany) 0.25 
EUB DNA Polymerase (2U/µl) (Minerva Biolabs, Berlin, Germany) 0.40 






Table 6. Eubacterial polymerase chain reaction conditions. 
Temperature (°C) Time (mm:ss) Cycles 
94 02:00 1x 
94 00:30  
59 00:30 35x 
72 00:30  
72 10:00 1x 
4             ~  
 
PCR product was visualised using agarose gel electrophoresis. The 1% agarose gel was 
prepared using agarose (Sigma‒Aldrich, St. Louis, MO, USA), TAE buffer and 10x SYBR Safe 
DNA Gel Stain (Invitrogen, Carlsbad, CA, USA) (81). To directly load the PCR product onto 
an agarose gel, 10x CoralLoad (Qiagen, Hilden, Germany) was used. Potential product was 
visualised using Gel Doc XR+ Gel Documentation System (Bio‒Rad, USA). 
After comparison to no template control, detected product from the PCR reaction was cleaned 
using 0.5 µl Exonuclease I ExoI (20U/µl; Thermo Fisher Scientific, Vilnius, Lithuania) and 1.0 
µl thermosensitive alkaline phosphatase FastAP per sample (Thermo Fisher Scientific, Vilnius, 
Lithuania) (82). The cleaning reaction was performed under conditions shown in Table 7, 
according to manufacturer’s protocol for PCR Product Clean-Up Prior to Sequencing. 
 
Table 7. Cleaning conditions for product of eubacterial PCR. 
 
  
Sequencing reaction followed post PCR cleaning. Sequencing mastermix was prepared 
separately for each of the primers, which were identical to those used in the PCR reaction (Table 
4). Reagent mixture was prepared as shown in Table 8 and sequencing reaction was performed 
under conditions shown in Table 9. 
 
Table 8. Reagents used in sequencing reaction. 
Reagents Volume per sample (µl) 
BigDye Terminator v3.1 5 x Sequencing Buffer (Applied Biosystems, Thermo 
Fisher Scientific, US) 
3.0 
BigDye Terminator v3.1 Cycle Sequencing RR‒100 (BDT, Applied 
Biosystems, Thermo Fisher Scientific, US) 
2.0 
Primer 16SFa or 16SFb or 16SR (50 µM) (TIB Molbiol, Berlin, Germany) 
(Table 4) 
1.3 
Nuclease‒Free water (Qiagen, Hilden, Germany) 8.7 
Cleaned PCR product 5.0 
 
  






Table 9. Sequencing reaction conditions for Sanger sequencing. 
Temperature (°C) Time (mm:ss) Cycles 
96 01:00 1x 
96 00:10 
35x 50 00:05 
60 04:00 
4             ~ 
 
Sequencing reaction purification was performed using BigDye X Terminator Purification Kit 
(Applied Biosystems, Thermo Fisher Scientific, USA), consisting of SAM Solution and 
XTerminator Solution, according to the manufacturer's protocol for 20 µl reaction in 96‒well 
plate: 90 µl SAM Solution and 20 µl XTerminator Solution were added to each sample. The 
plate was vortexed for 30 minutes at 2000 rpm, followed by centrifugation for 2 minutes at 
1000 rpm (83). Capillary Sanger sequencing was performed using Genetic Analyzer 3500 
(Applied Biosystems, Thermo Fisher Scientific, USA), programme StdSeq_BDX_50_POP7. 
Sequences were imported in CLC Main Workbench 6.3.1. programme (CLC Bio, Qiagen, 
Denmark), where they were edited and aligned. Consensus sequences were compared to an 
online databases such as Basic Local Alignment Search Tool (BLAST) (6), hosted by National 
Centre for Biotechnology Information (NCBI) or The Ribosomal Database Project (84) hosted 
by Centre for Microbial Ecology, Michigan State University.  
 
3.3.3 Specific multiplex PCR for detection of respiratory tract bacterial infections 
Syndrome-driven diagnostics was based on species-specific PCRs. These were performed in 
real-time using the same DNA isolates that were used for the eubacterial PCR.  
Specific real-time PCR for detection of VAP (Respiratory panel in further text) was used for 
detection of: S. pneumoniae, Moraxella catarrhalis, H. influenzae, P. aeruginosa, S. aureus, 
Acinetobacter baumannii, K. pneumoniae and E. coli according to Gadsby et al. (2015) and 
Haldar et. al (2014) (85,86), with some modifications. 
Mastermixes were prepared as shown in Table 10. Respiratory panel consisted of two multiplex 
PCR using primers and probes described in Table 11.  
 
Table 10. Preparation of Respiratory panel mastermix 1 and 2. 
a
 Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus, Moraxella catarrhalis;  
b
 Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii 
Mastermix1a/Mastermix2b Volume per sample (µl) 
Nuclease‒Free water (Qiagen, Hilden, Germany) 8.0 
Reagent mix 1
a or 2b (Table 11) 2.0 
5x LightCycler Multiplex DNA Master (Roche, Mannheim, Germany) 4.0 









Table 11. Primers and probes for Respiratory panel (adapted from Gadsby et al., 2015; *Haldar et al., 2014) (85,86). 
Reagent 
mix 
Pathogen Gene target Oligonucleotide 
Concentration in 






Forward: ACGCAATCTAGCAGATGAAGCA 1.250 
Reverse: TCGTGCGTTTTAATTCCAGCT 1.250 




Forward: ATGGCGGGAACATCAATGA 1.875 
Reverse: ACGCATAGGAGGGAAATGGTT 1.875 




Forward: TACATGTCGTTAAACCTGGT 1.875 
Reverse: TACAGTTGTACCGATGAATGG 1.875 





Forward: CGTGTTGACCGTTTTGACTTT 1.875 
Reverse: CATAGATTAGGTTACCGCTGACG 1.875 







Forward: ATCGTGACCACCTTGATT 3.125 
Reverse: TACCAGAAGATCGACATC 3.125 




Forward: AGGCCGAATATGACGAAT 3.125 
Reverse: GGTGATCTGCTCATGAA 3.125 





Forward: CCTGACCATCCGTCGCCACAAC 3.125 
Reverse: CGCAGCAGGATGCCGACGCC 3.125 





Forward: TTTAGCTCGTCGTATTGGACT 1.563 
Reverse: CCTCTTGCTGAGGAGTAATTTT 1.563 
Probe: LCRed640‒TGGCAATGCAGATATCGGTACCCA‒BBQ 0.625 




Respiratory panel was performed on LightCycler 480 (Roche, Germany) using conditions in 
Table 12, adapted from Gadsby et al., 2015 (85). Results were analysed using LightCycler 480 
SW UDF 2.0.0. programme. Results were accepted if negative control remained negative, 
positive control positive and according to the thresholds shown in Table 13.  
 
Table 12. Conditions for Respiratory panel. 
Temperature (°C)  Time (hh:mm:ss) Cycles Ramp rate (°C/s) Acquisition mode 
95 00:05:00 1x 4.4 none 
95 00:00:05  4.4 none 
60 00:00:15 45x 2.2 single 
72 00:00:15  4.4 none 
40 00:00:30 1x 4.4 none 
 
Table 13. Threshold for positive results of Respiratory panel and detection channel for each target. 
Pathogen Target gene Ct value to be 
considered positive 
Detection channel 
Haemophilus influenzae fucK ≤ 33 510 
Streptococcus pneumoniae lytA ≤ 36 580 
Staphylococcus aureus spa ≤ 37 610 
Moraxella catarrhalis copB ≤ 37 640 
Pseudomonas aeruginosa gyrB ≤ 34 510 
Klebsiella pneumoniae gltA ≤ 38 580 
Escherichia coli yccT ≤ 34 610 
Acinetobacter baumannii blaOXA‒51‒like ≤ 40 640 
 
Additional detection of Mycoplasma pneumoniae and Chlamydophila pneumoniae (LightMix 
Kit; TIB Molbiol, Berlin, Germany) with real-time PCR on LightCycler 480 (Roche, Germany) 
was performed on the same DNA samples. Preparation of the mastermixes for PCR is shown 
in Table 14 and Table 15. PCR conditions are shown in Table 16 and Table 17. 
 
Table 14. Mastermix for PCR reaction for detection of Mycoplasma pneumoniae. 
 
Table 15. Mastermix for PCR reaction for detection of Chlamydophila pneumoniae. 
Mastermix Volume per sample (µl) 
Nuclease‒Free Water (Qiagen, Hilden, Germany) 9.4 
Reagent mix (LightMix Kit; TIB Molbiol, Berlin, Germany) 2.0 
Roche Master Fast Start (Roche, Mannheim, Germany) 4.0 
MgCl2 (LightMix Kit; TIB Molbiol, Berlin, Germany) 1.6 
DNA isolate 5.0 
Mastermix Volume per sample (µl) 
Nuclease‒Free Water (Qiagen, Hilden, Germany) 7.8 
Reagent mix (LightMix Kit; TIB Molbiol, Berlin, Germany) 2.0 
Roche Master Fast Start (Roche, Mannheim, Germany) 2.0 
MgCl2 (LightMix Kit; TIB Molbiol, Berlin, Germany) 3.2 



















95 00:10:00 1x 4.4 ‒ ‒  none 
95 00:00:05  4.4 ‒ ‒  none 
62 00:00:05 50x 2.2 55 0.5 1 single 
72 00:00:15  4.4 ‒ ‒  none 
95 00:00:30  
1x 
4.4 ‒ ‒  none 
40 00:02:00 1.5 ‒ ‒  none 
85 00:00:00 ‒ ‒ ‒  continuous 
40 00:00:30 1x 1.5 ‒ ‒  none 
 















95 00:10:00 1x 20 ‒ ‒  none 
95 00:00:05  20 ‒ ‒  none 
62 00:00:05 50x 20 55 0.5 1 single 
72 00:00:15  20 ‒ ‒  none 
95 00:00:20  
1x 
20 ‒ ‒  none 
40 00:00:20 20 ‒ ‒  none 
85 00:00:00 20 ‒ ‒  continuous 
40 00:00:30 1x 20 ‒ ‒  none 
 
3.3.4 Specific multiplex PCR for detection of pathogens in cerebrospinal fluid 
Specific real-time PCR for detection of bacterial pathogens in CSF (Meningitis panel in further 
text) consisted of LightMix Modular Assays (TIB Molbiol, Berlin, Germany) for the following 
pathogens: E. coli, L. monocytogenes, S. pneumoniae, H. influenzae and N. meningitidis. 
Inhibition control used was LightMix Modular PhHV Internal Control (TIB Molbiol, Berlin, 
Germany). 
Reagent mix for mastermix 1 was prepared by combining primers and probes of E. coli, L. 
monocytogenes, S. pneumoniae, H. influenzae and PhHV control in equal parts according to the 
manufacturer. Mastermix was prepared as shown in Table 18 and Table 19.  
 
 
Table 18. Preparation of mastermix 1 for Meningitis panel. 
Mastermix 1 Volume per sample (µl) 
Nuclease‒Free Water (Qiagen, Hilden, Germany) 2.5 
Reagent mix
a (Modular LightMix; TIB Molbiol, Berlin, Germany) 3.0 
5x LightCycler Multiplex DNA Master (Roche, Mannheim, Germany) 4.0 
Internal control PhHV (LightMix Modular PhHV Internal Control, TIB 
Molbiol, Berlin, Germany) 
0.5 
DNA isolate 10.0 





Table 19. Preparation of mastermix 2 for detection of Neisseria meningitidis (Meningitis panel). 
 
Meningitis panel and analysis of the PCR were performed using LC480 II (Roche, Germany) 
under the conditions shown in Table 20, and its programme software. Results were considered 
positive according to the threshold depending on each pathogen as seen in Table 21. A run was 
considered positive if the positive control was positive, the negative control negative and the 
inhibition control PhHV positive on channel 660. 
 
Table 20. PCR conditions for Meningitis panel. 
Temperature (°C) Time (hh:mm:ss) Cycles Ramp rate (°C/s) Acquisition mode 
95 00:05:00 1x 4.4 none 
95 00:00:05  4.4 none 
60 00:00:15 45x 2.2 single 
72 00:00:15  4.4 none 
40 00:00:30 1x 4.4 none 
 
Table 21. Threshold for positivity of Meningitis panel and detection channels for each target. 
Pathogen Target gene Ct value to be considered 
positive 
Detection channel 
Escherichia coli uidA ≤ 34 488 
Listeria monocytogenes hlyA ≤ 37 510 
Streptococcus pneumoniae lytA ≤ 35 580 
Streptococcus agalactiae cAMP ≤ 37 610 
Haemophilus influenzae smpB ≤ 37 640 
Neisseria meningitidis ctrA ≤ 35 610 
 
3.3.5 FilmArray Meningitis/Encephalitis Panel 
According to manufacturer’s instructions (BioFire Diagnostics, BioMérieux, Salt Lake City, 
Utah, USA), the test for FilmArray Meningitis/Encephalitis Panel was performed by injecting 
the hydration solution and sample buffer mixed with 200 µl of cerebrospinal fluid into the 
pouch. The pouch was then inserted in the BioFire FilmArray instrument (BioFire Diagnostics, 
BioMérieux, Salt Lake City, Utah, USA) and the run was started. If the internal controls were 
passed, the software made a report whether a specific target was detected or not. Pathogens 
from the FilmArray are listed in the Table 22. For this study, the test was considered positive 
only if a bacterial pathogen was detected, in case of detected viral pathogens, the result was 
interpreted as negative. 
 
Mastermix 2 Volume per sample (µl) 
Nuclease‒Free Water (Qiagen, Hilden, Germany) 5.5 
Reagent mix (Modular LightMix N. meningitidis, TIB Molbiol, Berlin, 
Germany) 
0.5 
5x LightCycler Multiplex DNA Master (Roche, Mannheim, Germany) 4.0 




Table 22. Pathogens detected in the FilmArray Meningitis/Encephalitis Panel. 
Bacteria Viruses Yeast 
Escherichia coli K1 Cytomegalovirus (CMV) Cryptococcus neoformans/gattii 
Listeria monocytogenes Enterovirus 
Streptococcus pneumoniae Herpes simplex virus 1 (HSV‒1) 
Streptococcus agalactiae Herpes simplex virus 2 (HSV‒2) 
Haemophilus influenzae Human herpes virus 6 (HHV‒6) 
Neisseria meningitidis Human parechovirus 
Varicella zoster virus (VZV) 
 
3.3.6 Specific multiplex PCR for detection of pathogens in synovial fluid 
Specific real-time PCRs were used for detection of pathogens in synovial fluid samples 
(Arthritis panel in further text). Respiratory mastermix 1 allowed us detection of S. pneumoniae. 
Respiratory mastermix 2 was used for detection of E. coli, K. pneumoniae, P. aeruginosa (Table 
10, Table 11). Reaction mix for detection of S. agalactiae was prepared as shown in Table 23.  
PCR for simultaneous detection of S. aureus and K. kingae was also performed with primers 
and probes in Table 24, using the mastermix shown in Table 25 and Table 26.  
Arthritis panel and analysis were performed using LC480 II (Roche, Germany) under 
conditions shown in Table 27 and LC480 II programme software. Results were considered 
positive according to the threshold depending on each pathogen as seen in Table 28. 
 
Table 23. Preparation of mastermix for detection of Streptococcus agalactiae. 
 
Table 24. Primer and probes for detection of Staphylococcus aureus and Kingella kingae in synovial fluid (86). 






















Mastermix  Volume per sample (µl) 
Nuclease‒Free Water (Qiagen, Hilden, Germany) 4.5 
S. agalactiae primer‒probe mix (Modular LightMix N. meningitidis, TIB 
Molbiol, Berlin, Germany) 
0.5 
Reagent mix PhHV (LightMix Modular PhHV spiked Extraction Control, TIB 
Molbiol, Berlin, Germany) 
0.5 
Internal control PhHV (LightMix Modular PhHV Internal Control, TIB 
Molbiol, Berlin, Germany) 
0.5 
5x LightCycler Multiplex DNA Master (Roche, Mannheim, Germany) 4.0 




Table 25. Mastermix for detection of Kingella kingae and Staphylococcus aureus in synovial fluid. 
Mastermix cpn60/spa Volume per sample (µl) 
Nuclease‒Free Water (Qiagen, Hilden, Germany) 8.50 
KK_cpn60_forward (20µM) (TIB Molbiol, Berlin, Germany) 0.25 
KK_cpn60_reverse (20 µM) (TIB Molbiol, Berlin, Germany) 0.25 
KK_cpn60_probe (20 µM) (TIB Molbiol, Berlin, Germany) 0.25 
SA_spa_forward (20 µM) (TIB Molbiol, Berlin, Germany) 0.25 
SA_spa_reverse (20 µM) (TIB Molbiol, Berlin, Germany) 0.25 
SA_spa_probe (20 µM) (TIB Molbiol, Berlin, Germany) 0.25 
PhHV primer‒probe mix (LightMix Modular PhHV Internal Control, TIB 
Molbiol, Berlin, Germany) 
0.50 
Internal control PhHV (LightMix Modular PhHV Internal Control, TIB 
Molbiol, Berlin, Germany) 
0.50 
5x LightCycler Multiplex DNA Master (Roche, Mannheim, Germany) 4.00 
DNA 5.00 
 
Table 26. Mastermix for detection of rtxA gene in Kingella kingae in synovial fluid. 
Mastermix rtxA Volume per sample (µl) 
Nuclease‒Free Water (Qiagen, Hilden, Germany) 10.25 
KK_rtxA_forward (20 µM) (TIB Molbiol, Berlin, Germany) 0.25 
KK_rtxA_reverse (20 µM) (TIB Molbiol, Berlin, Germany) 0.25 
KK_rtxA_probe (20 µM) (TIB Molbiol, Berlin, Germany) 0.25 




Table 27. PCR conditions for Arthritis panel. 
Temperature (°C) Time (hh:mm:ss) Cycles Ramp rate (°C/s) Acquisition mode 
95 00:05:00 1x 4.4 none 
95 00:00:05  4.4 none 
60 00:00:15 45x 2.2 single 
72 00:00:15  4.4 none 
40 00:00:30 1x 4.4 none 
 
Table 28. Threshold for positive result of Arthritis panel and detection channels for each target. 
Pathogen Target gene Ct value to be 
considered positive 
Detection channel 
Streptococcus agalactiae cAMP ≤ 38 610 
Streptococcus pneumoniae lytA ≤ 35 580 
Pseudomonas aeruginosa gyrB ≤ 39 510 
Klebsiella pneumoniae gltA ≤ 38 580 
Escherichia coli yccT ≤ 37 610 
Staphylococcus aureus spa ≤ 39 510 
Kingella kingae cpn60 ≤ 40 510 




3.3.7 Determination of limit of detection and threshold for positivity of PCRs  
For determining the threshold for positive result in each of the specific real-time PCR from all 
three panels, spiked samples were prepared and tested. First, individual pathogens were 
cultivated at 35–37 °C on Columbia agar plate or Chocolate agar plate (in case of H. influenzae, 
M. catarrhalis and N. meningitidis) in aerobic or 5–10 % CO2 atmosphere in case of S. 
pneumoniae, M. catarrhalis, H. influenzae, N. meningitidis, S. agalactiae and K. kingae. 
Bacterial suspension of 0.5 McFarland Standard was prepared in NaCl (API NaCl 0,85 % 
Medium, BioMerieux, SA) followed by preparation of 10 x serial dilutions. To assess the 
adequacy of serial dilutions, dilutions were inoculated on above-mentioned agar plates in two 
repeats for a final concentration of approximately 15 CFU on each plate.  
Bronchoalveolar lavage samples, cerebrospinal fluid or synovial fluid samples, which were 
previously negative by standard cultivation were additionally tested by performing DNA 
isolation on MagNA Pure 24 Instrument (Roche, Mannheim, Germany) with programme 
Pathogens 200 and elution volume of 100 µl and subsequent panel for each type of sample (as 
seen in Section 3.3.3, 3.3.4 and 3.3.6). The bacterial dilutions were then spiked in negative 
samples to achieve the final concentrations of 101–105 CFU/mL. Spiked samples were isolated 
on MagNA Pure 24 Instrument as described above and each concentration was molecularly 
tested in three repeats using all three panels (Section 3.3.3, 3.3.4 and 3.3.6).  
The lowest concentration where at least two of three repeats were positive was used to set the 
threshold for positive result by rounding up the highest Ct of the replicates (if negative control 
was negative, positive control positive, PhHV detected). In case of Respiratory panel, Ct value 
from the sample with concentration of 102 CFU/mL was set as threshold.  
 
3.3.8 Statistical analysis 
Specificity and sensitivity for molecular methods in BAL samples were determined in 
comparison to cultivation and isolation. Sensitivity and specificity for CSF samples were 
calculated by using a result as a true positive when at least two of the methods detected the 
same bacteria and true negative when at least three of the methods did not detect any pathogens. 
Sensitivity and specificity for synovial fluid were calculated by using a result as a true positive 
when at least two of the methods detected the same bacteria and true negative when at least two 
of the methods did not detect any pathogens. Sensitivity and specificity were calculated with 
all samples (from experimental and control group). Calculations for specific real-time PCRs 
(panels) were made only for negative samples or samples with detected bacteria that were 
included in the panel. Confidence interval (CI) used was 95%. 
Concordance between methods was tested using McNemar’s test for paired nominal data. Each 
detected bacterium was considered one match. If the same sample contained more than one 
detected bacterium, concordance was calculated for each of them. In case of eubacterial PCR, 
identification to the genus level or below was considered a match and samples with only mixed 




were made with samples in which cultivation was either negative, positive only for bacteria 
included in the panel or bacterial microbiota was detected. Statistical significance was defined 
at P < 0.05. 
 
3.4  SUSCEPTIBILITY TESTING AND REAL-TIME PCR FOR 
DETERMINATION OF CARBAPENEM RESISTANCE GENES 
For the second part of the study, 32 carbapenemase producing K. pneumoniae isolates, 
including isolates from the hospital outbreak, were selected for comparison of standard 
antimicrobial susceptibility testing and specific real-time PCR for detection of the main 
carbapenemase-resistance genes with the whole-genome sequencing.  
 
3.4.1 Selection of Klebsiella pneumoniae isolates 
A total of 32 K. pneumoniae isolates were included for detection of resistance genes and typing 
with whole-genome sequencing. Sixteen of the isolates were part of the hospital outbreak with 
carbapenem-producing Enterobacteriaceae that lasted from 2014 to 2016 and they were selected 
based on MluI-PFGE profiles (71) to cover the outbreak as representatively as possible. The 
remaining 16 of the isolates were selected randomly across the years 2014‒2017. 
 
3.4.2 Routine bacterial antimicrobial susceptibility testing 
MALDI Biotyper system (Microflex LT, Brucker Daltonics, Bremen, Germany) with regularly 
updated Bruker MS library Brucker Daltonics, Bremen, Germany) was used for identification 
of organisms. Disk diffusion was used for antimicrobial susceptibility testing according to 
EUCAST guidelines 2014‒2017 (eucast.org). Briefly, with screening test inhibition zone 
diameter around meropenem disk was measured and additional confirmation carbapenemase 
inhibition test (Rosco KPC and MBL Confirm Kit; ROSCO Diagnostica, Taastrup, Denmark) 
along with Carba NP (22) and carbapenem inactivation method (CIM test) (23) were performed.  
 
3.4.3 DNA isolation from bacterial culture 
DNA was isolated from the overnight culture using InstaGene Matrix (BioRad, Germany) (87) 
with adaptations to the manufacturer’s protocol, by using 1 µl inoculation loop of bacterial 
culture and resuspending it in 100 µl of sterile water. The suspension was centrifuged at 14,000 
rpm for 1 minute, supernatant was removed and 100 µl of InstaGene Matrix was added to the 
sediment. The mixture was vortexed and incubated for 20 minutes at 56 °C, followed by 8-
minute incubation at 99 °C. After incubation, the suspension was centrifuged at 14,000 rpm for 






3.4.4 Molecular detection of carbapenemase genes with LightMix Modular Kit 
Multiplex real-time PCR targeting the genes blaNDM, blaKPC, blaOXA-48‒like, blaIMP and 
blaVIM was performed with the LightMix Modular Carbapenemase Kit (TIB Molbiol, Berlin, 
Germany) (Carbapenemase panel in further text). Reagent mixture was prepared by mixing 
primer‒probe mix for each of aforementioned genes together in equal volume, according to the 
manufacturer’s instruction. Mastermix for the PCR reaction was prepared as shown in Table 
29. DNA isolated from bacterial culture was diluted in ratio 1:1000. Conditions for the 
Carbapenemase panel are shown in Table 30 (88).  
PCR was performed on LightCycler 480 (Roche, Germany) and results were analysed using 
LightCycler 480 SW UDF 2.0.0. programme (Roche, Germany). Detection channels are shown 
in Table 31. Results were accepted when Ct value was <37 and positive control was positive, 
while negative control remained negative. 
 
Table 29. Preparation of mastermix for Carbapenemase panel.  
 
 
Table 30. PCR conditions for Carbapenemase panel. 
Temperature (°C) Time (hh:mm:ss) Cycles Ramp rate 
(°C/s) 
Acquisition mode 
95 00:05:00 1x 4.4 none 
95 00:00:05  4.4 none 
60 00:00:15 45x 2.2 single 
72 00:00:15  4.4 none 
40 00:00:30 1x 4.4 none 
 
Table 31. Detection channels for genes from Carbapenemase panel. 








Mastermix Volume per sample (µl) 
Nuclease‒Free Water (Qiagen, Hilden, Germany) 9.5 
Reagent mix (Modular LightMix; TIB Molbiol, Berlin, Germany) 2.5 
5x LightCycler Multiplex DNA Master (Roche, Mannheim, Germany) 4.0 




3.5 WHOLE-GENOME SEQUENCING FOR IDENTIFICATION, 
TYPING AND DETECTION OF RESISTANCE GENES, 
VIRULENCE GENES AND PLASMIDS  
DNA isolated from K. pneumoniae bacterial cultures which were previously tested with 
standard susceptibility testing and with Carbapenemase panel, was sequenced using WGS with 
Illumina MiSeq for analysis of various genes. Long-read sequencing with GridION was 
performed on selected isolates.  
 
3.5.1 Short-read whole-genome sequencing with Illumina MiSeq 
Genomic DNA for short-read WGS was isolated from overnight cultures of K. pneumoniae 
grown on Columbia Blood Agar using QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) 
according to manufacturer’s protocol for DNA Purification from Tissues. Briefly, a 10 µl 
inoculation loop full of bacterial culture was lysed and DNA was purified using different buffers 
on the QIAamp Mini spin column. The DNA was eluted in 400 µl of buffer. 
Fourteen libraries were prepared using the Nextera XT DNA Library Prep Kit (Illumina, San 
Diego, CA, USA) following the manufacturer’s instructions, with the modification of using the 
MagSi‒NGSPREP Plus (MagnaMedics Diagnostics, Geleen, Netherlands) for clean-up of 
enzymatic reactions. A further 18 libraries were prepared using the Nextera DNA Flex Library 
Prep Kit (Illumina, San Diego, CA, USA) following the manufacturer’s protocol. 
Prior to sequencing on the Illumina MiSeq Platform (2 x 300 bp) (Illumina, San Diego, CA, 
USA), libraries were quantified using the Qubit 3.0 (Thermo Fisher Scientific, Waltham, MA, 
USA) and Qubit dsDNA High Sensitivity Assay (Thermo Fisher Scientific, Waltham, MA, 
USA) according to manufacturer’s instructions (89). The fragment length was further assessed 
using High Sensitivity DNA kit on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, 
USA). 
After sequencing, reads were trimmed and assembled de novo using the Velvet assembly tool 
in Ridom SeqSphere 5.1.0. (Ridom GmbH, Münster, Germany) with default settings (90). 
Minimum spanning tree was also calculated in Ridom SeqSphere 5.1.0. (Ridom GmbH, 
Münster, Germany). 
 
3.5.2 Long-read whole-genome sequencing with Oxford Nanopore Technologies 
DNA for long-read sequencing by Oxford Nanopore Technologies (ONT, Oxford, UK) was 
isolated from overnight cultures of six selected K. pneumoniae growing on Columbia Blood 
Agar with the PureLink Genomic DNA Mini Kit (Invitrogen, Thermo Fisher Scientific, 
Carlsbad, CA, USA), following the Gram Negative Bacterial Cell Lysate Protocol from the 
manufacturer's instructions. Briefly, after digestion of the culture, DNA was manually isolated 
on a spin column with elution volume of 50 µl. Eluted DNA was sheared in a Covaris g-Tube 




Barcoding (EXP‒NBD104) and Ligation Sequencing Kits (SQK‒LSK109) (ONT, Oxford, 
UK).  
DNA products were sequenced in a GridION X5 system (ONT, Oxford, UK) on a FLO‒
MIN106 flow cell (ONT, Oxford, UK) for 48 hours. Basecalling was conducted using Guppy 
v2.0.5 (ONT), and Porechop v0.2.3_seqan2.1.1 was used for sequence trimming and to 
demultiplex the dataset (https://github.com/rrwick/Porechop). Original Illumina reads were 
trimmed with Trimomatic v0.39 (91). Hybrid de novo sequence assemblies were obtained using 
Unicycler v0.4.7 (92). 
 
3.5.3 Species identification, typing and detection of virulence genes, resistance genes 
and plasmids 
MLST (93), wzi typing and detection of genes encoding virulence factors were determined by 
uploading contigs to the Pasteur Institute website (http://bigsdb.pasteur.fr) (19,94,95). 
Virulence genes determined were allABCDRS, arcC, clbA-R, fdrA, fyuA, glc, glxKR, hyi, 
iroBCDN, irp1, irp2, iucABCD, iutA, kfuABC, KP1_1364, KP1_1371, kvgAS, mceA-EGHIJ, 
mrkABCDFHIJ, rmpA, rmpA2, ybbWY, ybtAEPQSTUX and ylbEF. Additionally, virulence 
score was calculated according to Kleborate software, using genes for yersiniabactin - ybt, 
colibactin - clb, aerobactin - iuc, salmochelin - iro (https://github.com/katholt/Kleborate) (Table 
32). 
 
Table 32. Calculated virulence score according to detected virulence loci (https://github.com/katholt/Kleborate). 
Score Detected virulence loci 
0 none 
1 yersiniabactin  
2 yersiniabactin and colibactin, or colibactin only 
3 Aerobactin and/or salmochelin only 
4 aerobactin and/or salmochelin with yersiniabactin 
5 yersiniabactin, colibactin and aerobactin and/or salmochelin 
 
Determination of resistance genes, detection of plasmids (for determination of incompatibility 
groups) and plasmid MLST (pMLST) were performed with default settings using ResFinder 
3.1 (96), PlasmidFinder 2.0 and pMLST 1.4 (available at https://cge.cbs.dtu.dk/services/) (97), 
respectively. New ST and wzi types were submitted to the Pasteur Institute website, where new 
identification numbers were assigned.  
Isolates sequenced with ONT were also analysed using ResFinder 3.1 (96), PlasmidFinder 2.0 
and pMLST 2.0 (97). The Bandage programme was used for identification of carbapenemase 
genes (98). Plasmids of five isolates positive for blaOXA‒48, which were sequenced using 
ONT, were compared and visualized using the BLAST Ring Image Generator (BRIG) and 





3.5.4 Nucleotide sequence accession number 
Sequencing data were submitted to the European Nucleotide Archive (study accession number 
PRJEB32863). 
 
3.6 METAGENOMICS  
Three known concentrations of an isolate from K. pneumoniae culture were spiked into human 
blood. Original blood samples without spiked bacteria were used as the negative template 
control. DNA was automatically isolated and WGS on Illumina Miseq was performed. Bacterial 
identification was performed along with MLST, wzi typing, detection of resistance genes, 
virulence genes and plasmids. 
 
3.6.1 DNA isolation of metagenomic sample 
Blood was collected to BD Vacutainer Blood Collection Tube with EDTA (Becton Dickinson 
and Company, Sparks, MA, USA) from three healthy volunteers and tested for possible 
bacterial pathogens by inoculating 100 µl of whole blood on Schaedler agar, Chocolate agar 
and Columbia agar under conditions in Table 1 and Table 2. Whole blood was centrifuged for 
10 min at 800 rpm and 400 µl of plasma was used for DNA isolation on MagNA Pure 24 
Instrument (Roche, Mannheim, Germany) with programme Pathogens 200 and elution volume 
of 100 µl. DNA isolate was molecularly tested for possible pathogens with eubacterial PCR as 
described above (Section 3.3.2).  
Serial 10 x dilutions from overnight culture of K. pneumoniae, isolate BR103-15, which had 
been previously analysed with Illumina short-read sequencing, were prepared in Nuclease‒Free 
water (Qiagen, Hilden, Germany) and spiked in whole blood for a final concentration of 106, 
104 and 103 CFU/mL. Three spiked blood samples, each with a given concentration of K. 
pneumoniae, and additional blood sample without spiked pathogen (negative template control) 
were centrifuged for 10 min at 800 rpm. DNA was further isolated on MagNA Pure 24 
Instrument (Roche, Germany) from 400 µl of plasma with programme Pathogens 200 and 
elution volume of 100 µl. 
 
3.6.2 Short-read whole-genome sequencing of metagenomic sample on Illumina Miseq 
Sequencing library was prepared using Nextera DNA Flex Library Prep Kit (Illumina, San 
Diego, CA, USA) and performed as described in section 3.5.1. Sequencing data was checked 
with FastQC 0.11.8 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trimming 
was performed with BBduk (https://sourceforge.net/projects/bbmap/), with cut-off value of 
Phred score 10. Trimmed sequences were compared to human genome (GRCh37) in Bowtie2 
2.3.4.1 (101). Sequences that aligned to the human genome were discarded and the remaining 





3.6.3 Detection and identification of microbes in metagenomic sample 
One Codex program (Reference Genomics Inc., CA, US) was used for identification of possible 
microbes in our spiked samples and negative control. Raw reads were classified by checking k-
mer matches against the database of bacterial, viral and fungal genomes. According to the total 
number of reads, the percentage of reads assigned to a specific organism was determined and 
the relative abundance of each species was estimated based on the depth and coverage of 
sequencing across reference genome. 
 
3.6.4 Typing and detection of resistance genes, virulence genes and plasmids from 
metagenomic sample 
Sequence types, wzi types, resistance genes, virulence genes and plasmids were determined 
from the assembled genomes as described in the first two paragraphs in section 3.5.3 and results 





The standard cultivation method was compared to different molecular methods: eubacterial 
PCR, specific panels, and in case of meningitis, commercial multiplex PCR (FilmArray). 
Whole-genome sequencing was used for molecular characterisation of bacterial isolates and 
direct detection and characterisation of bacteria in blood samples. 
 
4.1 COMPARISON OF METHODS FOR PATHOGEN DETECTION 
AND IDENTIFICATION IN CLINICAL SAMPLES 
Concordance between different methods varied according to the type of clinical samples. For 
final results of cultivation, the turnaround time was up to 96 hours in case of cerebrospinal fluid. 
With eubacterial PCR, a negative result could be obtained the same day when the sample was 
received in the morning, with 4–5 hours to the result, or the next day in 24 hours, in case the 
sample was positive. Results from different panels were available in 4 hours when the sample 
was received before 10 am.  
 
4.1.1 Detection and identification of bacterial pathogens causing ventilator-associated 
pneumonia 
Analyte-negative BAL samples individually spiked with each of the pathogens from the 
Respiratory panel were tested in three repeats to determine the limit of detection (Table 33).  
 
Table 33. Limit of detection (LoD) for each of the pathogens included in the Respiratory panel. 
 
Thirty-one samples from 28 patients with VAP (as defined by the treating physician) were 
included in the present study (Table 34, Table 35). Cultivation was positive in 10 (32.3%) 
samples, in two samples only mixed bacterial microbiota of upper respiratory tract was 
detected. Eubacterial PCR was positive in 20 (64.5%) samples, while identification to species 
level was possible in 15 (48.4%) samples. Respiratory panel was positive in 11 (35.5%) 
samples. Only 102 CFU/mL and more was considered positive in BAL samples. Sensitivity and 
specificity of the eubacterial PCR according to cultivation were 81.8% (95% CI 48.2%‒97.7%) 
and 47.8% (95% CI 26.8%‒69.4%), respectively. The difference in the performance between 
the eubacterial PCR and cultivation was statistically significant (P = 0.0162), with more 
positive samples determined with eubacterial PCR. Sensitivity and specificity of the 
Respiratory panel were 100.0% (95% CI 39.8%‒100.0%) and 81.0% (95% CI 58.1%‒94.6%), 
Pathogen LoD (CFU/mL) Pathogen LoD (CFU/mL) 





















respectively. The difference in the performance between the Respiratory panel and cultivation 
was not statistically significant (P = 0.1336).  
    
Table 34. Number of positive and negative samples for patients with ventilator-associated pneumonia with each 
method and number of samples with concordant results listed in parentheses. 
  Eubacterial PCR  Respiratory panel
a
  
  Positive Negative Total Positive  Negative  Total 
Cultivation 
  
Positive 10 (9) 0 10 7 (4) 3
b
 10 
Negative 10 11 21 4 17 21 








) 1 11    
Negative 10
b
 10 20    
Total 20 11 31    
Legend: 
a Respiratory panel for detection of: Streptococcus pneumoniae, Moraxella catarrhalis, Haemophilus 
influenzae, Pseudomonas aeruginosa, Staphylococcus aureus, Acinetobacter baumannii and Escherichia coli; 
b
 
pathogens not included in the Respiratory panel; 
c
 in one of the samples additional pathogen was detected with 
Respiratory panel. 
 
Regarding bacterial identification, results with all three methods were concordant in 14 (45.2%) 
samples, 10 of which were negative, in two samples E. coli was detected, in one S. pneumoniae 
and in another one S. aureus (Table 35; V1‒14). The results of cultivation and eubacterial PCR 
only were concordant in six (19.4%) samples, in three (V15‒17) Respiratory panel was negative 
because the bacterial target was not included in the assay, in two (6.5%; V18, V19), Respiratory 
panel did not detect bacteria that were determined with cultivation and eubacterial PCR but 
instead detected other bacteria and in one (3.2%) sample (V29) Respiratory panel was the only 
method with a positive result. Overall, Respiratory panel did not identify pathogen in six 
(19.4%) samples (Table 35; V15‒19, V30) because the target was not included. In seven 
(22.6%) samples (V22‒28) results with cultivation and Respiratory panel were negative, while 
eubacterial PCR was positive. In one sample (V30) Respiratory panel was positive for S. 
aureus, which was also detected with cultivation but failed to detect S. maltophilia, since the 
target was not included in the panel; eubacterial PCR in this sample was positive for 
Mycoplasma salivarium and Prevotella oris. In one (3.2%) sample results with all three 
methods were discordant (V31). Previous antimicrobial therapy was administered to patients 
from which samples V18, V19, V21-23 and V26 were collected, however it is unknown 
whether that was also the case for patients with samples V20, V24, V29 and V30. 
E. coli was detected in two (6.5%) samples (Table 35; V12, V13), S. pneumoniae was detected 
in four (12.9%) samples (V14, V18, V21, V31), although only one of these samples was 
positive with cultivation and eubacterial PCR (Table 35). S. aureus was detected in one (3.2%) 
sample with eubacterial PCR, in two (6.5%) samples with cultivation and in additional sample 
with Respiratory panel, for a total of three (9.7%; V11, V19, V30) positive samples with 
Respiratory panel. H. influenzae was only detected with molecular methods in two samples 







Table 35. Results of standard and molecular testing for identification of bacterial pathogens causing ventilator‒associated pneumonia (n = 31). 
Sample ID Sample type Cultivation  Eubacterial PCR  Respiratory panela 
V1 Bronchial washing fluid negative negative negative 
V2 Bronchial washing fluid negative negative negative 
V3 Bronchoalveolar lavage fluid negative negative negative 
V4 Bronchoalveolar lavage fluid negative negative negative 
V5 Bronchoalveolar lavage fluid negative negative negative 
V6 Bronchoalveolar lavage fluid negative negative negative 
V7 Bronchoalveolar lavage fluid negative negative negative 
V8 Bronchoalveolar lavage fluid negative negative negative 
V9 Bronchoalveolar lavage fluid negative negative negative 
V10 Bronchial washing fluid  negative negative negative 
V11 Bronchial washing fluid Staphylococcus aureus Staphylococcus aureus Staphylococcus aureus  
V12 Bronchial washing fluid Escherichia coli Escherichia coli Escherichia coli 
V13 Bronchial washing fluid Escherichia coli Escherichia coli Escherichia coli 
V14 Bronchoalveolar lavage fluid 
Streptococcus pneumoniae,  
mixed bacterial microbiota 
Streptococcus pneumoniae Streptococcus pneumoniae 
V15 Bronchial washing fluid Burkholderia cenocepacia Burkholderia sp. negative 
V16 Bronchial washing fluid Enterococcus faecium Enterococcus faecium negative 
V17 Bronchoalveolar lavage fluid 
Enterobacter asburiae, 
mixed bacterial microbiota 
Enterobacter sp. negative 
V18 Bronchoalveolar lavage fluid Citrobacter freundii Citrobacter sp.  




 Bronchial washing fluid Stenotrophomonas maltophilia Stenotrophomonas maltophilia Staphylococcus aureus  
V20 Bronchoalveolar lavage fluid negative Haemophilus influenzae Haemophilus influenzae 
V21 Bronchoalveolar lavage fluid negative Haemophilus influenzae 




 Bronchoalveolar lavage fluid mixed bacterial microbiota Streptococcus pyogenes negative 
V23 
c








Continuation of Table 35. 
Sample ID Sample Cultivation  Eubacterial PCR  Respiratory panela 
V24 Bronchial washing fluid negative Streptococcus pyogenes negative 
V25 Bronchoalveolar lavage fluid negative Streptococcus salivarius negative 
V26 Bronchoalveolar lavage fluid negative 
Enterococcus sp.,  
Veillonella sp. 
negative 
V27 Bronchoalveolar lavage fluid negative Staphylococcus sp. negative 
V28 Bronchial washing fluid negative Mycoplasma salivarium negative 
V29 Bronchoalveolar lavage fluid negative negative Acinetobacter baumannii 
V30 
b
 Bronchial washing fluid 
Stenotrophomonas maltophilia, 
Staphylococcus aureus 
Mycoplasma salivarium,  
Prevotella oris 
Staphylococcus aureus  
V31 Bronchoalveolar lavage fluid mixed bacterial microbiota Corynebacterium striatum Streptococcus pneumoniae 
Legend: 
a Respiratory panel for detection of: Streptococcus pneumoniae, Moraxella catarrhalis, Haemophilus influenzae, Pseudomonas aeruginosa, Staphylococcus aureus, 
Acinetobacter baumannii, Escherichia coli, Chlamydophila pneumoniae and Mycoplasma pneumoniae; 




4.1.2 Detection and identification of bacterial pathogens in cerebrospinal fluid 
Analyte-negative cerebrospinal fluid samples individually spiked with each of the pathogens 
from the Meningitis panel were tested in three repeats to determine limit of detection (Table 
36). The same samples were used for FilmArray. Meningitis panel LoDs for all tested pathogens 
were determined to be at least 103 CFU/ml and LoD for particular pathogen was equal or lower 
in comparison to FilmArray LoD. 
 
Table 36. Limit of detection (LoD) for each of the pathogens included in the Meningitis panel and FilmArray. 
 
Twenty patients with suspected bacterial meningitis (as defined in Methods) were included in 
experimental group for testing for bacterial pathogens in cerebrospinal fluid and the specimen 
was cultivated in 19 cases (Table 37, Table 39). Cultivation was positive in 10 cases (52.6%; 
Table 39; M4‒9, M15‒18), FilmArray in 11 cases (55.5%; M4‒14), Meningitis panel in 13 
cases (65.0%; M4‒16) and eubacterial PCR in 17 (85.0%) cases (Table 39; M4‒20).  
All four methods were concordant in 8 (42.1%) samples (Table 39; M1, M2, M4‒9). In four 
samples N. meningitidis was detected (Table 39; M4, M7‒9), H. influenzae (M6) and S. 
pneumoniae (M5) were detected in one sample each and two samples were negative (M1, M2). 
In two samples cultivation, eubacterial PCR and Meningitis panel detected H. influenzae and 
E. coli, while FilmArray was negative (Table 39; M15, M16). Two samples were tested 
negative with cultivation, FilmArray and Meningitis panel, while Enterococcus faecalis or 
Streptococcus oralis were determined with eubacterial PCR (Table 39; M19, M20). Eubacterial 
PCR and cultivation were positive in two samples with E. faecium and S. oralis (Table 39; M17, 
M18), where FilmArray and Meningitis panel were negative since targets for the pathogens 
detected were not included in these assays. There were five samples where all three molecular 
methods were concordant in detection of one N. meningitidis, three S. pneumoniae and one H. 
influenzae, while culture was negative (Table 39; M10‒14). It was confirmed previous 
antimicrobial therapy was administered to patients with samples M10‒13, and it was also 
confirmed that patient with sample M14 did not receive antimicrobial therapy, however, the 
status of antimicrobial therapy is unknown for patients with samples M19 and M20. Human 
Herpesvirus 6 was detected with FilmArray in sample M2. 
The most commonly detected bacterium was N. meningitidis (Table 39; M4, M7‒10) in five 



















































in four samples (M5, M11‒13) (one with all four methods and additional three with molecular 
methods), H. influenzae in three samples (M6, M14, M15) (two were positive with all methods 
and one additionally with molecular methods) and E.coli in one sample (M16), which was 
negative with FilmArray (Table 39). Bacteria not included in the panel accounted for 23.5% of 
the positive samples. 
In the control group of 20 patients with suspected viral meningitis, 10/20 samples were also 
cultivated and they were all tested negative (Table 38, Table 40). FilmArray as well as 
Meningitis panel were positive in one (5.0%) sample (Table 40; M30). This sample was culture 
negative, while it was confirmed that previous antimicrobial therapy had been administered to 
the patient before the collection of the sample. Eubacterial PCR was positive in two (10.0%) 
samples (Table 40; M30, M31), one culture negative and for one cultivation was not performed, 
while identification to species level was only possible in one sample. All four methods were 
concordant in 9 (90.0%) cases of 10, all of which were negative. In one (10.0%) sample, all 
three molecular methods detected S. pneumoniae, while cultivation remained negative. In 10 
samples, which were not cultivated, results of the molecular methods were discordant only in 
one (10.0%) case, where Streptococcus sp. was detected with eubacterial PCR, the rest (90.0%) 
of the samples were negative. Enteroviruses were detected with FilmArray in samples M26, 
M32, M33, M35 and M36. Varicella Zoster virus was detected in sample M40. 
Sensitivity and specificity of eubacterial PCR were 100.0% (95% CI 79.4%‒100.0%) and 
85.7% (95% CI 57.2%‒98.2%), respectively. The difference in the performance between the 
eubacterial PCR and cultivation was statistically significant (P = 0.013), with eubacterial PCR 
detecting more bacteria. Sensitivity and specificity of the Meningitis panel were both 100.0% 
(95% CI 76.8%‒100.0%). The difference in the performance between the cultivation and 
Meningitis panel was also statistically significant (P = 0.0412), with higher positivity rate with 
Meningitis panel. Sensitivity and specificity of the FilmArray were 85.7% (95% CI 57.2%‒
98.2%) and 100.0% (95% CI 76.8%‒100.0%), respectively. The difference in the performance 













Experimental group (n = 19) 




Positive  Negative Total Positive Negative  Total Positive  Negative  Total 
Cultivation 
  
Positive 10 (10) 0 10 8 (8) 2
b
 10 6 (6) 4
c
 10 
Negative 7 2 9 5 4 9 5 4 9 





Positive 13 (13) 0 13 
      
Negative 4
b
 3 7 
      
Total 17 3 20 





Positive 11 (11) 0 11 
      
Negative 6
d
 3  9 
      
Total 17 3 20 
      
Legend: 
a
 Meningitis panel for detection of: Escherichia coli, Listeria monocytogenes, Streptococcus pneumoniae, Streptococcus agalactiae, Haemophilus influenzae, Neisseria 
meningitidis; 
b
 Pathogens not included in the Meningitis panel; 
c
 In two samples detected pathogens were not included in the FilmArray panel; 
d
 In four samples detected 
pathogens were not included in the FilmArray panel; 
e

















Table 38. Number of positive and negative cerebrospinal fluid samples with each method and number of samples with concordant results listed in parentheses; control group. 
  
Control group (n = 10) 
  





    Positive Negative Total Positive Negative  Total Positive Negative  Total 
Cultivation 
  
Positive 0 0 0 0 0 0 0 0 0 
Negative 1 9 10 1 9 10 1 9 10 





Positive 1 (1) 0 1 
      
Negative 1
b
 18 19 
      
Total 2 18 20 





Positive 1 (1) 0 1 
      
Negative 1
b
 18 19 
      
Total 2 18 20 
      
Legend: 
a
 Meningitis panel for detection of: Escherichia coli, Listeria monocytogenes, Streptococcus pneumoniae, Streptococcus agalactiae, Haemophilus influenzae, Neisseria 
meningitidis; 
b
 Pathogens not included in the Meningitis/FilmArray panel; 
c Additional samples tested only with eubacterial PCR, Meningitis panel and FilmArray were included 












Cultivation Film Array Eubacterial PCR Meningitis panela 
M1 8362 negative negative negative negative 
M2 1279 negative negative
b
 negative negative 
M3 656 ND negative negative negative 
M4 3557 Neisseria meningitidis Neisseria meningitidis Neisseria meningitidis Neisseria meningitidis 
M5 9281 Streptococcus pneumoniae Streptococcus pneumoniae Streptococcus pneumoniae Streptococcus pneumoniae 
M6 587 Haemophilus influenzae Haemophilus influenzae Haemophilus influenzae Haemophilus influenzae 
M7 14762 Neisseria meningitidis Neisseria meningitidis Neisseria meningitidis Neisseria meningitidis 
M8 17237 Neisseria meningitidis Neisseria meningitidis Neisseria meningitidis Neisseria meningitidis 
M9 5353 Neisseria meningitidis Neisseria meningitidis Neisseria meningitidis Neisseria meningitidis 
M10 15872 negative  Neisseria meningitidis Neisseria meningitidis Neisseria meningitidis 
M11 2188 negative Streptococcus pneumoniae Streptococcus pneumoniae Streptococcus pneumoniae 
M12 500 negative  Streptococcus pneumoniae Streptococcus pneumoniae Streptococcus pneumoniae 
M13 8534 negative Streptococcus pneumoniae Streptococcus pneumoniae Streptococcus pneumoniae 
M14 5717 negative Haemophilus influenzae Haemophilus influenzae Haemophilus influenzae 
M15 8959 Haemophilus influenzae negative Haemophilus influenzae Haemophilus influenzae 
M16 14240 Escherichia coli negative Escherichia coli Escherichia coli 
M17 8960 Enterococcus faecium negative Enterococcus faecium negative 
M18 14026 Streptococcus oralis negative Streptococcus oralis/mitis negative 
M19 3627 negative  negative Enterococcus faecalis negative 
M20 6144 negative  negative Streptococcus oralis negative 
Legend: WBC – white blood cells; ND – not done; 
a
 Meningitis panel for detection of: Escherichia coli, Listeria monocytogenes, Streptococcus pneumoniae, Streptococcus 
agalactiae, Haemophilus influenzae, Neisseria meningitidis; 








Table 40. Results of standard and molecular testing for identification of bacterial pathogens causing meningitis in control group (n = 20). 
Isolate ID WBC count 
(x 106/L) 
Cultivation  Film Array  Eubacterial PCR Meningitis panela 
M21 283 negative negative negative negative 
M22 74 negative negative negative negative 
M23 44 negative negative negative negative 
M24 51 negative negative negative negative 
M25 69 negative negative negative negative 
M26 160 negative negative
b
 negative negative 
M27 6 negative negative negative negative 
M28 37 negative negative negative negative 
M29 304 negative negative negative negative 
M30 320 negative  Streptococcus pneumoniae Streptococcus pneumoniae Streptococcus pneumoniae 
M31 14 ND negative Streptococcus sp. negative 
M32 50 ND negative
b
 negative negative 
M33 11 ND negative
b
 negative negative 
M34 96 ND negative negative negative 
M35 77 ND negative
b
 negative negative 
M36 80 ND negative
b
 negative negative 
M37 22 ND negative negative negative 
M38 139 ND negative negative negative 
M39 128 ND negative negative negative 
M40 475 ND negative
c
 negative negative 
Legend: WBC – white blood cells; ND – not done; 
a Meningitis panel for detection of: Escherichia coli, Listeria monocytogenes, Streptococcus pneumoniae, Streptococcus 
agalactiae, Haemophilus influenzae, Neisseria meningitidis; 
b
 enterovirus was detected; 
c






4.1.3 Detection and identification of bacterial pathogens in synovial fluid 
Analyte-negative synovial fluid samples individually spiked with each of the pathogens from 
the Arthritis panel were tested in three replicates to determine the limit of detection (Table 41). 
 
Table 41. Limit of detection (LoD) for each of the pathogens included in Arthritis panel. 
 
The experimental group consisted of 62 patients with clinically suspected septic arthritis (Table 
42, Table 44). Cultivation was positive in 8 (12.9%) samples, Arthritis panel was positive in 9 
(14.5%) samples and eubacterial PCR was positive in 12 (19.3%) samples, while identification 
of pathogens to species level with eubacterial PCR was possible in 10 (16.1%) samples.  
Results of all three methods were concordant in 54 (87.1%) samples, 48 of which were negative 
(Table 44; S1‒48) and six were positive for S. aureus (Table 44; S49‒54). In four samples 
(Table 44; S59‒62) eubacterial PCR was positive, while cultivation and Arthritis panel were 
negative and in one sample the former was negative while the two latter methods were positive 
for S. aureus (S57). For patients with samples S59, S60 and S62, previous antimicrobial therapy 
was confirmed, while its status is unknown for patient with sample S61. In two samples S. 
agalactiae was detected with both PCRs, culture was negative. There was one sample where S. 
aureus was detected with cultivation, while we failed to detect it with eubacterial PCR and 
Arthritis panel (Table 44; S58).  
The most commonly detected pathogen in experimental group was S. aureus, which was 
detected in 8 (12.9%; Table 44; S49‒54, S57, S58) samples with cultivation, S. agalactiae was 
detected in two (3.2%) samples only with molecular methods (Table 44; S55, S56). 
There were 60 patients with suspected inflammatory rheumatoid disease in control group (Table 
43), where cultivation was positive in one (1.7%; Table 45; S119) sample, eubacterial PCR in 
four (6.7%) samples (S119‒122) and Arthritis panel also in one (1.7%) sample (S119). Results 
were concordant in 57 cases, where 56 samples were tested negative (Table 45; S63‒118) and 
one was tested positive for S. aureus (Table 45; S119). In the remaining three samples, bacteria 
(Streptococcus tigurinus, C. acnes or S. dysgalactiae) were detected only with eubacterial PCR 
(S120‒122). 
In experimental group S. agalactiae was not detected in two samples using cultivation, in one 
where conventional cultivation of synovial fluid was performed and in one where synovial fluid 
was cultivated in blood culture medium (Table 44). Similar was seen in control group where C. 
acnes and S. tigurinus was not detected with culture from synovial fluid samples and S. 
Pathogen LoD (CFU/mL) Pathogen LoD (CFU/mL) 
Pseudomonas aeruginosa 10
3 Kingella kingae (both PCRs) 10
2 
Klebsiella pneumoniae 10
3 Staphylococcus aureus 10
3 
Escherichia coli 10







dysgalactiae was not detected when cultivation in blood culture bottle was performed (Table 
45; S120‒122). Previous antimicrobial therapy was administered to patient with sample S121; 
however, status of antimicrobial therapy is unknown for patients with samples S120 and S 122. 
One sample in blood culture bottle was positive for S. aureus in experimental group, which was 
undetected by eubacterial and Arthritis panel (Table 44; S58).  
Sensitivity and specificity of eubacterial PCR were 90.0% (95% CI 55.5%‒99.8%) and 93.8% 
(95% CI 87.6%‒97.5%), respectively. The difference in the performance between the 
eubacterial PCR and cultivation was statistically significant (P = 0.010), with higher positivity 
rate for eubacterial PCR. Sensitivity and specificity of the Arthritis panel were 100% (95% CI 
69.2%‒100.0%) and 100.0% (95% CI 96.8%‒100.0%), respectively. The difference in the 
performance between the cultivation and Arthritis panel was not statistically significant (P = 
1). 
 
Table 42. Number of positive and negative synovial fluid samples with each method and number of samples with 
concordant result listed in parentheses for experimental group. 
  
  
Experimental group (n = 62) 
Eubacterial PCR   Arthritis panel
a
  





) 2 8 7 (7
c
) 1 8 
Negative 6 48 54 2 52 54 







) 1 9    
Negative 4
e
 49 53    
Total 12 50 62    
Legend: 
a
 Arthritis panel for detection of: Streptococcus agalactiae, Streptococcus pneumoniae, Escherichia coli, 
Klebsiella pneumoniae, Pseudomonas aeruginosa, Kingella kingae, Staphylococcus aureus; 
b In one sample 
additional pathogen was detected with eubacterial PCR, in other sample, additional pathogen was detected with 
cultivation; 
c
 In one sample additional pathogen which is included in the Arthritis panel was detected with 
cultivation; 
d In one sample additional pathogen was detected with eubacterial PCR, not included in the Arthritis 
panel 
 
Table 43. Number of positive and negative synovial fluid samples with each method and number of samples with 
concordant result listed in parentheses for control group. 
  Control group (n = 60) 
  Eubacterial PCR   Arthritis panel 
a
 
  Positive Negative Total Positive Negative  Total 
Cultivation 
 
Positive  1 (1) 0 1 0 1 1 
Negative  3 56 59 0 59 59 





Positive  0 0 0 
Negative  4
b
 56 60 
Total  4 56 60 
Legend: 
a
 Arthritis panel for detection of: Streptococcus agalactiae, Streptococcus pneumoniae, Escherichia 
coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Kingella kingae, Staphylococcus aureus; 
b 
None of the 








Table 44. Results of standard and molecular testing for identification of bacterial pathogens in synovial fluid in experimental group (n = 62). 
Sample ID Sample type Cultivation Eubacterial PCR Arthritis panel PCRa 
S1 Synovial fluid - knee O negative negative negative 
S2 Synovial fluid - knee O negative negative negative 
S3 Synovial fluid - ankle O negative negative negative 
S4 Synovial fluid - hip O negative negative negative 
S5 Synovial fluid - shoulder O negative negative negative 
S6 Synovial fluid - ankle O negative negative negative 
S7 Synovial fluid - shoulder O negative negative negative 
S8 Synovial fluid - hip O negative negative negative 
S9 Synovial fluid - hip O negative negative negative 
S10 Synovial fluid - undetermined O negative negative negative 
S11 Synovial fluid - knee O negative negative negative 
S12 Synovial fluid - hip O negative negative negative 
S13 Synovial fluid - knee O negative negative negative 
S14 Synovial fluid - knee O negative negative negative 
S15 Synovial fluid - shoulder O negative negative negative 
S16 Synovial fluid - knee O negative negative negative 
S17 Synovial fluid - knee O negative negative negative 
S18 Synovial fluid - knee O negative negative negative 
S19 Synovial fluid - shoulder O negative negative negative 
S20 Synovial fluid - knee O negative negative negative 
S21 Synovial fluid - elbow O negative negative negative 
S22 Synovial fluid - ankle O negative negative negative 
S23 Synovial fluid - knee O negative negative negative 
S24 Synovial fluid - hip O negative negative negative 
S25 Synovial fluid - hip O negative negative negative 
S26 Synovial fluid - knee O negative negative negative 
S27 Synovial fluid - knee O negative negative negative 









Continuation of Table 44 
Sample ID Sample type Cultivation Eubacterial PCR Arthritis panel PCRa 
S29 Synovial fluid - knee O negative negative negative 
S30 Synovial fluid - knee P-BC negative negative negative 
S31 Synovial fluid - knee P-BC negative negative negative 
S32 Synovial fluid - knee P-BC negative negative negative 
S33 Synovial fluid - knee P-BC negative negative negative 
S34 Synovial fluid - knee P-BC negative negative negative 
S35 Synovial fluid - undetermined P-BC negative negative negative 
S36 Synovial fluid - knee P-BC negative negative negative 
S37 Synovial fluid - undetermined P-BC negative negative negative 
S38 Synovial fluid - knee P-BC negative negative negative 
S39 Synovial fluid - knee P-BC negative negative negative 
S40 Synovial fluid - undetermined P-BC negative negative negative 
S41 Synovial fluid - knee P-BC negative negative negative 
S42 Synovial fluid - elbow P-BC negative negative negative 
S43 Synovial fluid - elbow  AN-BC negative negative negative 
S44 Synovial fluid - hip P-BC negative negative negative 
S45 Synovial fluid - undetermined P-BC negative negative negative 
S46 Synovial fluid - knee  AN-BC negative negative negative 
S47 Synovial fluid - hip P-BC negative negative negative 
S48 Synovial fluid - knee P-BC negative negative negative 






S50 Synovial fluid - knee O Staphylococcus aureus Staphylococcus aureus Staphylococcus aureus 
S51 Synovial fluid - shoulder O Staphylococcus aureus Staphylococcus aureus Staphylococcus aureus 
S52 Synovial fluid - knee P-BC Staphylococcus aureus Staphylococcus aureus Staphylococcus aureus 
S53 Synovial fluid - shoulder P-BC Staphylococcus aureus Staphylococcus aureus Staphylococcus aureus 
S54 Synovial fluid - ankle P-BC 
Staphylococcus aureus, 
Pseudomonas aeruginosa 








Continuation of Table 44 
Sample ID Sample type Cultivation Eubacterial PCR Arthritis panel PCRa 
S55 Synovial fluid - knee P-BC negative Streptococcus agalactiae Streptococcus agalactiae  
S56 Synovial fluid - knee O negative Streptococcus agalactiae Streptococcus agalactiae  
S57 Synovial fluid - knee P-BC Staphylococcus aureus negative Staphylococcus aureus 
S58 Synovial fluid - knee P-BC Staphylococcus aureus negative negative 
S59 Synovial fluid - knee O negative Streptococcus suis negative 
S60 Synovial fluid - ankle O negative Streptococcus dysgalactiae negative 
S61 Synovial fluid - hip O negative Corynebacterium sp. negative 
S62 Synovial fluid - knee P-BC negative Streptococcus sp. negative 
Legend: O – original sample used for cultivation; P-BC – cultivation performed in paediatric blood culture bottle; AN-BC – cultivation performed in anaerobic blood culture 
bottle; 
a
 Arthritis panel for detection of: Streptococcus agalactiae, Streptococcus pneumoniae, Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Kingella 









Table 45. Results of standard and molecular testing for identification of bacterial pathogens in synovial fluid sample in control group (n = 60). 
Sample ID Sample type Cultivation  Eubacterial PCR Arthritis panela  
S63 Synovial fluid - knee O negative negative negative 
S64 Synovial fluid - knee O negative negative negative 
S65 Synovial fluid - knee O negative negative negative 
S66 Synovial fluid - ankle O negative negative negative 
S67 Synovial fluid - knee O negative negative negative 
S68 Synovial fluid - knee O negative negative negative 
S69 Synovial fluid - wrist O negative negative negative 
S70 Synovial fluid - knee O negative negative negative 
S71 Synovial fluid - knee O negative negative negative 
S72 Synovial fluid - ankle O negative negative negative 
S73 Synovial fluid - knee O negative negative negative 
S74 Synovial fluid - knee O negative negative negative 
S75 Synovial fluid - shoulder O negative negative negative 
S76 Synovial fluid - knee O negative negative negative 
S77 Synovial fluid - wrist O negative negative negative 
S78 Synovial fluid - knee O negative negative negative 
S79 Synovial fluid - knee O negative negative negative 
S80 Synovial fluid - knee O negative negative negative 
S81 Synovial fluid - knee O negative negative negative 
S82 Synovial fluid - knee O negative negative negative 
S83 Synovial fluid - knee O negative negative negative 
S84 Synovial fluid - knee O negative negative negative 
S85 Synovial fluid - knee O negative negative negative 
S86 Synovial fluid - knee O negative negative negative 
S87 Synovial fluid - knee O negative negative negative 
S88 Synovial fluid - ankle O negative negative negative 
S89 Synovial fluid - hip O negative negative negative 
S90 Synovial fluid - undetermined O negative negative negative 
S91 Synovial fluid - ankle O negative negative negative 








Continuation of Table 45 
Sample ID Sample type Cultivation  Eubacterial PCR Arthritis panela 
S93 Synovial fluid - knee O negative negative negative 
S94 Synovial fluid - knee O negative negative negative 
S95 Synovial fluid - shoulder O negative negative negative 
S96 Synovial fluid - knee O negative negative negative 
S97 Synovial fluid - knee O negative negative negative 
S98 Synovial fluid - shoulder P-BC negative negative negative 
S99 Synovial fluid - knee P-BC negative negative negative 
S100 Synovial fluid - knee P-BC negative negative negative 
S101 Synovial fluid - knee P-BC negative negative negative 
S102 Synovial fluid - undetermined AN-BC negative negative negative 
S103 Synovial fluid - knee P-BC negative negative negative 
S104 Synovial fluid - undetermined P-BC negative negative negative 
S105 Synovial fluid - undetermined AN-BC negative negative negative 
S106 Synovial fluid - knee P-BC negative negative negative 
S107 Synovial fluid - undetermined P-BC negative negative negative 
S108 Synovial fluid - knee P-BC negative negative negative 
S109 Synovial fluid - knee P-BC negative negative negative 
S110 Synovial fluid - knee P-BC negative negative negative 
S111 Synovial fluid - knee P-BC negative negative negative 
S112 Synovial fluid - knee P-BC negative negative negative 
S113 Synovial fluid - knee AN-BC negative negative negative 
S114 Synovial fluid - knee P-BC negative negative negative 
S115 Synovial fluid - knee P-BC negative negative negative 
S116 Synovial fluid - knee P-BC negative negative negative 
S117 Synovial fluid - knee P-BC negative negative negative 
S118 Synovial fluid - shoulder P-BC negative negative negative 
S119 Synovial fluid - shoulder O Staphylococcus aureus Staphylococcus aureus Staphylococcus aureus 
S120 Synovial fluid - knee O negative Streptococcus tigurinus negative 
S121 Synovial fluid - ankle O negative Cutibacterium acnes negative 
S122 Synovial fluid - knee P-BC negative Streptococcus dysgalactiae negative 
Legend: O – original sample cultivated; P-BC – cultivation performed in paediatric blood culture bottle; AN-BC – cultivation performed in anaerobic blood culture bottle; 
a 




4.2 WHOLE-GENOME SEQUENCING FROM BACTERIAL CULTURE 
Thirty-two carbapenem-resistant K. pneumoniae isolates were included in the study. Besides 
carbapenem resistance, a whole range of resistance genes for various antimicrobial substances 
were discovered. We determined 10 different sequence types, 12 wzi types and different 
virulence factors and plasmid incompatibility groups (Inc). The same plasmid carrying 
blaOXA-48 was detected in five outbreak isolates sequenced with long-read sequencing 
technology. 
 
4.2.1 Detection of beta-lactamase genes 
According to Carbapenemase panel, the genes blaOXA-48-like and blaNDM-1 were the most 
commonly determined, found in 17/32 (53.1%) and 7/32 (15.6%) isolates, respectively (Table 
46). Seven out of thirty-two (21.9%) isolates carried both genes. blaKPC-2 and blaVIM-1 genes 
were found in one isolate each.  
Overall, we detected 30 different beta-lactam resistance genes using WGS (Table 46, Table 
S1). The majority of beta-lactamase genes were rare, with 16 genes being present in one isolate 
each. The most commonly detected was blaCTX-M-15, which was found in 27/32 (84.4%) 
isolates. In one K. pneumoniae isolate, blaLEN gene was detected. Carbapenemase genes 
detected with WGS were concordant with the results of the Carbapenemase panel (Table 46). 
The rest of the antimicrobial resistance genes are shown in Table S2 and Table S3. 
 
4.2.2 Multilocus sequence typing 
Based on short-read WGS data, we detected 10 different STs (Table 46, Figure 1). The most 
frequent type was ST437 (13/32; 40.6%). Outbreak isolates, previously confirmed with MluI-
PFGE (71), belonged to ST437 (12/16) and ST147 (4/16). One of the ST437 isolates (marked 
in yellow, Figure 1) was initially considered as unrelated to the outbreak according to the 
epidemiological data, though it clustered together with other ST437 isolates from the outbreak, 
according to the cgMLST analysis. The four ST147 outbreak isolates did not cluster with the 
rest of the outbreak isolates (Figure 1, marked in red) and the fifth ST147 isolate was not related 
to the outbreak. Interestingly, a second outbreak of four closely related isolates of ST15 was 
discovered with cgMLST analysis. Further four isolates belonged to ST101 but were not closely 
related to each other. The remaining isolates (6/32) were assigned to different STs, one of which 
was new, namely ST3390 (gapA:2; infB:1; mdh:1; pgi:1; phoE:361; rpoB:1; tonB:14). 
 
4.2.3 Wzi typing 
Overall, 12 different wzi types were identified, two of them being new variants, namely wzi-
556 and wzi-559. The most frequently detected was wzi-109, which was assigned to all (13/13) 
ST437 isolates (Table 46). Four of five closely related ST147 isolates shared an identical wzi-




ST15 isolates did not share the same wzi type, three were assigned wzi-24 and one wzi-447. 
Four ST101 isolates, which were not closely related, shared the same wzi-137 type. 
 
Table 46. Sequence types, wzi typing and carbapenemase genes detected with Carbapenemase panel and whole-



































































































1 BR318-14 15 24   +     + + +     +     
2 BR402-14 15 447   +     + + +     +     
3 BM670-16 15 24   +     + + +     +     
4 BM367-17 15 24   +     + + +     +     
5 BM433-16 35 37 +              +         
6 BR406-15 37 83 +       +       +       
7 BR4-14 101 137 + +         +   + +     
8 BR605-15 101 137 +       +       +       
9 BR615-16 101 137 +       +       +       
10 BM679-17 101 137   +     + +       +     
11 BR319-14 147 64 +       +       +       
12 BR329-14 147 64 +       +       +       
13 BR370-14 147 99 +       +       +       
14 BR387-14 147 64 +       + +     +       
15 BR193-17 147 64 +       +       +       
16 BM230-17 258 29     +     +         +   
17 BR470-15 268 95 +               +       
18 BR321-14 437 109 +       +       +       
19 BR328-14 437 109 +       +       +       
20 BR38-15 437 109 +       +   +   +       
21 BR103-15 437 109 +       +   +   +       
22 BR179-15 437 109 + +     +   +   + +     
23 BR194-15 437 109 + +         +   + +     
24 BR211-15 437 109 + +     +   +   + +     
25 BR207-15 437 109 +           +   +       
26 BR247-15 437 109 + +     +   +   + +     
27 BR252-15 437 109 + +     +   +   + +     
28 BR254-15 437 109 +       +   +   +       
29 BR76-16 437 109 +               +       
30 BR282-16 437 109 + +     +   +   + +     
31 BR380-15 2384 559       +               + 
32 BR737-16 3390 556 +               +       





Figure 1. cgMLST minimum spanning tree of 32 Klebsiella pneumoniae isolates, calculated in Ridom SeqSphere 
and based on comparing 2365 alleles, ignoring pairwise missing values. Each node is labelled with an ST and 
carbapenemase gene. Grey nodes represent isolates not related to the outbreak. Red nodes are epidemiologically 
confirmed outbreak isolates. The yellow node is an additionally determined outbreak isolate by WGS. Green node 





4.2.4 Plasmid content 
Plasmid analysis of Illumina short reads revealed a high diversity of incompatibility (Inc) 
groups (n=23) (Table S4). The most frequent was IncL/M (pOXA-48), detected in 23/32 
(71.9%) isolates. IncL/M (pOXA-48) was not detected in two of 24 blaOXA-48-positive 
isolates. All but one (11/12) NDM-1-positive isolates had detectable IncA/C2, although other 
plasmid groups were also detected, e.g. IncFII(K), IncFIB(K), IncHI1B (Table S4). 
Plasmid analysis of five outbreak isolates sequenced with ONT revealed an almost identical 
plasmid in the Kp11978 reference and all five isolates (ST437, ST147) with a blaOXA-48 gene 
detected (Figure 2, Figure 3). The blaOXA-48 gene, along with the gene for acetyl CoA 
carboxylase and transcription regulator lysR was embedded between the two IS1999. The only 
difference between aforementioned isolates was present in isolate BR38, which had a mucAB 
region inserted (Figure 2). In one of the aforementioned five ONT sequenced isolates, blaNDM-
1 carrying plasmid was also detected besides blaOXA-48 plasmid. In the sixth isolate neither 




Figure 2. EasyFig-generated schematic representation of blaOXA-48 encoding plasmids detected with long-read 
whole-genome sequencing. Black lines represent plasmids from five Klebsiella pneumoniae isolates positive for 
blaOXA-48 in PCR and short-read whole-genome sequencing. Coloured bars represent shared parts of genome 





























Figure 3. BRIG-generated schematic representation of the plasmid encoding blaOXA-48 (marked in blue), sequenced using hybrid assemblies of five Klebsiella pneumoniae 




4.2.5 Virulence factors 
Complete mrk cluster was detected in 24/32 (75.0%) isolates (Table S5). All 32 isolates carried 
mrkB, mrkC, mrkF and mrkJ. Complete yersiniabactin cluster was detected in five (15.6%) 
isolates, to which a virulence score 1 could be assigned. Complete iuc (aerobactin) locus was 
detected in four (12.5%) isolates, three of them belonging to the outbreak. Colibactin and 
salmochelin coding loci were not detected among our isolates. In 27/32 (84.4%) isolates, 
including all outbreak isolates, we calculated a virulence score 0. Interestingly, ST437 and 
ST147 outbreak isolates possessed a maximum of 11 virulence genes, with the majority 
carrying eight genes. 
 
4.3 WHOLE-GENOME SEQUENCING FROM BLOOD SAMPLE 
K. pneumoniae was detected in all three spiked samples. The estimated abundance varied from 
84.81% to 97.61% and we could detect it in 0.001‒0.294% of all reads. After de novo assembly 
we could only type and determine various genes involved in resistance to antimicrobials, 
virulence factors and plasmid groups, in spiked sample with K. pneumoniae in initial 
concentration of 106 CFU/mL.  
 
4.3.1 Detection and identification of microbes in spiked blood sample 
K. pneumoniae was detected in all three spiked samples. In 106 CFU/mL spiked sample, 11.7% 
reads were classified, an additional 81.1% reads were non-specific or host reads. K. pneumoniae 
was detected in 0.294% of all reads and the estimated abundance was 84.81% (Table 47). In 
104 CFU/mL spiked sample 0.3% of reads were classified, 95.3% reads were non-specific or 
belonging to the host. K. pneumoniae was detected in 0.006% of all reads in estimated 
abundance of 99.58% (Table 48).  
In the sample initially spiked with 103 CFU/mL of K. pneumoniae, 0.2% of reads were 
classified. Additional 95.5% reads were non-specific or host reads. K. pneumoniae was the most 
abundant species with 0.0013% of all reads (Table 49). Uncultured human fecal virus, which 
was also present in the negative control and 104 spiked sample, was detected in a small 
percentage of the reads. 
In the negative control, only 0.05% of reads were classified. E. coli was the most abundant 
bacterial species with 0.001% of all reads, followed by uncultured human fecal virus (Table 
50). Other reads could be assigned to Clostridium sp., Clostridium thiosulfatireducens, 







Table 47. One Codex results for blood sample with spiked 106 CFU/mL Klebsiella pneumoniae. 
Sample composition % of all reads Estimated abundance 
Klebsiella pneumoniae 0.29398 84.81% 
Enterobacteriaceae bacterium 291_EBAC 0.00023 13.64% 
Klebsiella oxytoca 0.00055 1.06% 
Klebsiella sp. 10982 0.00154 0.31% 
Salmonella enterica 0.00105 0.17% 
Enterobacter cloacae 0.00041 0.01% 
 
 
Table 48. One Codex results for blood sample with spiked 104 CFU/mL Klebsiella pneumoniae. 
Sample composition % of all reads Estimated abundance 
Klebsiella pneumoniae 0.00608 99.58% 
uncultured human fecal virus 0.00035 0.20% 
Shewanella algae 0.00011 0.14% 
candidate division TM7 single-cell isolate TM7a 0.00020 0.06% 
Pelomonas puraquae 0.00003 0.01% 
 
Table 49. One Codex results for blood sample with spiked in 103 CFU/mL Klebsiella pneumoniae. 
Sample composition % of all reads Estimated abundance 
Klebsiella pneumoniae 0.00132 97.61% 
uncultured human fecal virus 0.00048 1.62% 
Geodermatophilus taihuensis 0.00002 0.36% 
candidate division TM7 single-cell isolate TM7a 0.00015 0.22% 
Sphingomonas sp. 66-10 0.00002 0.10% 
Malassezia globosa 0.00009 0.03% 
 
 
Table 50. One Codex results for negative control blood sample. 
 
  
Sample composition % of all reads Estimated abundance 
Escherichia coli 0.00102 61.64% 
uncultured human fecal virus 0.00073 29.46% 
Clostridium sp. C105KSO15 0.00046 3.20% 
candidate division TM7 single-cell isolate TM7a 0.00006 3.08% 
Campylobacter coli Not specified 1.56% 
Clostridium thiosulfatireducens 0.00038 0.66% 
Colletotrichum tofieldiae 0.00046 0.26% 
Cryptococcus neoformans Not specified 0.09% 




4.3.2 Multilocus sequence typing, wzi typing, and detection of resistance genes, 
virulence genes and plasmids from spiked blood samples 
In the spiked sample with initial concentration of 106 CFU/mL of K. pneumoniae, typing and 
determination of resistance and virulence genes was possible (Table 51, Table 52). Sequence 
type and wzi types were also determined (Table 52). Results between the culture isolate and 
spiked sample were discordant in four resistance genes (involved in aminoglycoside, macrolide, 
and trimethoprim resistance). Typing and detection of various genes was not possible for 
samples spiked with 104 CFU/mL and 103 CFU/mL of bacterial culture. 
 
Table 51. Comparison of antimicrobial resistance genes from short-read data assemblies from bacterial culture and 








































































































































































+ + + + + + + + + + + + + + + + + + + + + + + + + + + + 
Spiked 
sample 
+ + + + + + + + + + + +  + + + +   + + + + + + + +  
 
Table 52. Comparison of typing, plasmid incompatibility groups and virulence factors from short-read data 






































































437 109 + + + + + + + + + + + + 
Spiked 
sample 
437 109 + + + + + + + + + + + + 
 






5 DISCUSSION  
Different panels and eubacterial PCR were evaluated in comparison to classical cultivation. 
Their usefulness seems to vary between different syndromes, with the greatest potential of 
tested molecular methods in bacterial meningitis. Whole-genome sequencing demonstrated to 
be very convenient for detection of antimicrobial resistance genes, genotyping and detection of 
plasmids, while its value for routine detection of bacteria in clinical samples still needs to be 
proven.   
 
Detection and identification of bacterial pathogens causing ventilator-associated 
pneumonia 
Sensitivity and especially specificity for eubacterial PCR were relatively low, due to the fact 
that these values were calculated according to cultivation. Eubacterial PCR was positive for a 
number of bacteria (Mycoplasma salivarium, Prevotella oris, Corynebacterium striatum; Table 
35), which could be considered microbial flora of upper respiratory tract or oral cavity (37,104), 
resulting in lower specificity. The same applies to S. pyogenes, which was detected in few 
samples with eubacterial PCR, where cultivation was negative and could also be a possible 
contaminant (36,105,106).  
Results in less than 50% of the samples were concordant with all three methods. The advantage 
of the PCR is the ability to detect dead cells which can also be its disadvantage, particularly 
when performing broad-range PCR in samples prone to contamination during sampling, such 
as BAL samples (31). In some of the cases where the cultivation was negative while PCR were 
positive, antimicrobial therapy had been administered to the patients before the collection of 
the samples which could be the reason behind the negative result. Within the bacterial targets 
included in the panel, we were able to detect all culture positive bacteria with Respiratory panel, 
while its specificity was lower. However, the estimation of specificity can be problematic for 
assays that are more sensitive in detection of true pathogens than the reference method (107).  
E. coli and S. aureus were the commonest pathogens detected with cultivation in our samples 
(Table 35), although with the low number of positive samples that means they were detected 
only in few cases. S. aureus is one of the most important pathogens involved in VAP, 
accounting for up to 40.0% of infections, while E. coli is reported in approximately 3.5% of 
VAP (31,32,108). 
S. pneumoniae and H. influenzae were the most commonly detected bacteria with Respiratory 
panel in our samples where culture was either negative or mixed bacterial microbiota was 
detected, yet S. pneumoniae was reported to be a cause of VAP in only around 4.1% of cases 
(31). In only one of our samples, culture was also positive for S. pneumoniae. In a previous 
study, S. pneumoniae and H. influenzae were detected twice as often with PCR than with 
cultivation (107), similar to our results. The asymptomatic carriage of S. pneumoniae and H. 
influenzae in the upper respiratory tract can range up to 39% (107). In order to avoid positive 




VAP samples, although the cut-off value 104 CFU/mL has been mostly reported in the literature 
(31,85,107). Since both bacteria are more sensitive to antibiotics than other bacteria in samples 
from lower respiratory tract (109), the cut-off value for positive result in patient previously 
treated with antibiotics, could be set below 104 CFU/mL (107).  
Bacterial pathogens detected in our samples were equally distributed between groups causing 
early- and late-onset infections (31,32). Previous studies showed one of the commonest causes 
of ventilator-associated infections to be P. aeruginosa, which was not detected in any of our 
samples. In many of our samples, culture was positive for bacteria not included in Respiratory 
panel, such as S. maltophilia, Citrobacter spp., even though their prevalence was reported to be 
relatively low (32). The composition of detected pathogens in our samples was therefore 
different from reports in the literature. Nonetheless, the reason could be relatively low number 
of positive samples in our study, so we cannot draw any conclusions about the prevalence of 
pathogens causing VAP at our hospital. 
There were few cases, where culture was positive for one organism, while Respiratory panel 
was positive for another. The discordance could be due to the tendency of certain organisms to 
overgrow the others in case of polymicrobial infections as well as respiratory microbiota which 
can mask the presence of true respiratory pathogens (85). There were reported cases that 
bacteria with the highest load in mixed infections according to specific real-time PCR, were not 
the ones detected with culture (85). The rate of polymicrobial infection in VAP can range from 
10% to 50%, depending on the bacteria that are considered pathogens (35,110), so having a 
method that allows detection of all is very important. 
Using only Respiratory panel we would have failed  to detect bacteria such as S. maltophilia, 
Enterobacter asburiae and Citrobacter freundii, possible causes of VAP. Respiratory panel was 
not able to detect bacteria determined with cultivation (and in most cases with eubacterial PCR) 
because the targets were not included in the assay in nearly one fifth of the samples included, 
highlighting the limitation of targeted approach in detection of pathogens causing VAP.  
 
Detection and identification of bacterial pathogens in cerebrospinal fluid 
Sensitivity of eubacterial PCR and Meningitis panel in CSF samples was 100%, while 
FilmArray missed some of the bacterial pathogens from the panel, that were positive with all 
other methods (Table 39). Specificity of eubacterial PCR was lower, due to detection of E. 
faecalis and S. oralis in CSF of two patients, which were negative with other methods. 
However, although not part of this study, aforementioned pathogens were also detected in blood 
cultures from those patients (data not shown). Specificity of Meningitis panel and FilmArray 
was 100% when bacteria included in the both panels were used for calculation. 
Reported sensitivity and specificity of FilmArray were 90–100% and 99–100%, respectively 
(41,111,112). Determination of sensitivity is problematic, since number of positive samples is 
low in most of the studies, including ours (Table 39, Table 40), and data for many pathogens, 




According to our data, Meningitis panel performed better than FilmArray with detection of 
pathogens included in both panels. E. coli was not detected with FilmArray, which could be 
due to the fact that FilmArray only allows detection of E. coli K1. Although E. coli K1 is 
responsible for the majority of neonatal E. coli meningitis, up to 20% of E. coli isolates do not 
have K1 capsular polysaccharide (113,114). On the other hand, E. coli can also be a rare cause 
of meningitis in adults following accidental or neurosurgical trauma (115). While we did not 
detect any, false-positives were reported with FilmArray in around 4% of positive samples, 
with highest number of false positive results with S. pneumoniae (112).  
The main advantages of FilmArray are undeniably fast results, relatively small sample volume 
and easy handling, which can be done without highly qualified personnel outside of regular 
working hours of the lab. However, in our laboratory, Meningitis panel can be performed the 
same day if samples arrive until 10 am, and provides more accurate results. Meningitis panel 
and FilmArray are appropriate only when searching for a cause of community-acquired 
infections, since pathogens involved in nosocomial or ventricular drain infections are not 
included (111). 
Sensitivity of cultivation ranges from 67–96%, depending on the pathogen, and decreases when 
patients receive antimicrobial therapy prior to lumbar puncture (116), so PCR can be of great 
help in such cases. The majority of our patients from which CSF was tested negative with 
cultivation, while all three molecular methods were positive, received antimicrobial treatment 
before the collection of the sample, which may likely be the reason for the absence of bacterial 
growth. In our study, eubacterial PCR was the most accurate method for detection of bacterial 
pathogens causing meningitis, taking into consideration two patient with the pathogen also 
detected with blood culture. We were able to detect several bacterial species, that were not 
included in the Meningitis panel and FilmArray, namely S. oralis, E. faecium and E. faecalis, 
which were also detected with culture in 50% of cases (Table 39). 
Although with low pathogenicity and virulence, S. oralis has been reported as a cause of 
meningitis in the literature (117–119), mainly in immunocompromised patients and in patients 
with neurologic surgeries or spinal anaesthesia (118,119). Enterococcus spp. as a cause of 
meningitis are rare and most often seen in patients with head trauma, shunt devices or 
cerebrospinal fluid leakage (120). In a review of 140 patients with enterococcal meningitis, 
59% of cases were postoperative meningitis and 41% were spontaneous meningitis. E. faecalis 
and E. faecium were reported to be responsible for 76% and 22% of enterococcal meningitis, 
respectively (120). 
Three samples were negative in the experimental group, while two were positive in the control 
group, showing that clinical presentation in combination with white blood cell count alone were 
insufficient to distinguish bacterial from viral meningitis. 
Almost a quarter of cases of meningitis in our study was caused by bacteria not included in the 
Meningitis and FilmArray panel, so using only these two assays we would have missed them. 
While FilmArray is the fastest method, eubacterial PCR, which can be performed in one 




bacterial meningitis. Their disadvantage is larger volume (0.5 ml) of sample needed for testing 
and absence of data for antimicrobial resistance, which can be determined by cultivation, a 
reason why culture still remains the “gold standard” (116). 
Fast diagnosis is crucial for optimal outcome, especially with N. meningitidis, where 
antimicrobial prophylaxis should be administered to close contacts of patients (40), so PCR can 
be a great complementary method to the cultivation for the diagnosis of bacterial meningitis.  
With low number of positive CSF samples in patients with suspected bacterial meningitis, the 
true value of newer molecular techniques, especially real-time multiplex PCR is yet to be seen. 
 
Detection and identification of bacterial pathogens in synovial fluid 
Although the incidence of septic arthritis is on the rise because of the impact of joint prostheses 
and osteosynthesis hardware-related infections, it still remains relatively low (48,50). Our 
results agree with these reports. A potential pathogen was detected in less than 20% of samples 
in the experimental group. Since the number of samples defined as true positive was very low, 
each false negative result accounted for a 10% drop in determined sensitivity for eubacterial 
PCR.  
As reported in literature (50,52), S. aureus was the causative agent in the majority of our 
positive results. K. kingae is responsible for a great share of infections in children (52,121), so 
it expectedly remained undetected in our adult population. Data regarding contamination of 
synovial fluid samples are scarce and Fowler et al. (2017), reported a 5% rate of contamination 
in their study (54), mostly by coagulase-negative staphylococci, which were not detected in our 
samples. 
Streptococcus spp. (S. suis, S. agalactiae, S. dysgalactiae, and additional S. tigurinus in the 
control group) were detected only with molecular methods, mostly with eubacterial PCR. In a 
study by Murillo et al. (50), the second commonest cause of bacteraemic osteoarticular 
infections after S. aureus were Streptococcus spp., as a cause of 17% episodes, followed by E. 
coli which was detected in 9% of cases. Coagulase-negative staphylococci, P. aeruginosa and 
anaerobes were also frequently detected in joint fluid or bone biopsy by PCR in another study 
by Levy et al. (52). 
Skin and osteoarticular S. agalactiae infections account for at least 30% of S. agalactiae 
infections in adults (122). S. agalactiae was detected with eubacterial PCR and Arthritis panel 
in our samples, but remained undetected with cultivation.  
Many researchers report improved sensitivity when a blood culture bottle is used for cultivation 
of synovial fluid samples instead of conventional cultivation (47,55). On the other hand, some 
disagree (49), or suggest that methods are comparable for most pathogens, with K. kingae being 
one of the exceptions (121). In our study concordance between each of the cultivation methods 




only by culture and not by molecular methods, was cultivated in blood culture bottle. However, 
the reason for this could also be low number of bacteria in a sample. 
Besides aforementioned S. aureus in a sample for which Arthritis panel was negative, we 
missed several of them with eubacterial PCR. While the time to results is shorter with real-time 
PCR, cultivation seems to be more sensitive and it also provides information about 
antimicrobial susceptibility. However, the number of streptococcal osteoarticular infections is 
increasing and their incidence is not negligible (50,123). None of Streptococcus spp. was 
detected with cultivation in our study and since all targets are not included the assay, very few 
were detected with Arthritis panel, so eubacterial PCR may prove to be a useful complementary 
tool to cultivation for diagnostics of septic arthritis. 
 
Usefulness of PCR-based molecular methods in bacterial diagnostics 
PCR is a valuable tool for detection of bacteria that are difficult to isolate, fastidious bacteria, 
or when the patient has already received antimicrobial treatment prior to sampling (6). 
However, broad-range PCR such as 16S eubacterial PCR is prone to contamination with 
exogenous DNA that can happen during sampling or is caused by reagents which are not DNA-
free, as it is often the case with polymerases (6). To minimize the contamination eubacterial 
PCR has lower number of cycles (n = 35), which also leads to lower sensitivity compared to 
specific PCR (6). Also, some species, such as E. coli and Shigella sonnei share up to 100% 
identity of 16S rDNA, which complicates the identification. The same applies to S. mitis, S. 
oralis and sometimes S. pneumoniae (6). The quality of identification is also dependent on the 
quality of the sequences and their classification in online databases, which is especially relevant 
in rarely detected species (6).  
S. pneumoniae is frequently detected with PCR, while it fails to grow on culture media because 
of its tendency to autolyse. It is also often killed by antibiotics administered during empirical 
treatment, which was most evident in our CSF samples. Staphylococcus spp., on the other hand, 
are reported to be the most underestimated species with PCR, since the routine DNA extraction 
processes are often insufficient due to their Gram-positive walls (6). In BAL and synovial fluid 
samples we missed only one S. aureus with specific PCR (Respiratory and Arthritis panel), 
compared to three with eubacterial PCR, even though the same DNA isolate was used. This is 
highlighting more the problem of lower sensitivity of eubacterial PCR compared to specific 
PCR than difficulties with DNA isolation.  
The estimation of sensitivity and specificity is troublesome for assays that are more sensitive 
than the reference method (107), so in that case, usefulness of particular molecular method 
should not be decided solely based on sensitivity and specificity data. Since we compared two 
(or three) different PCR approaches to classic cultivation, we were able to reduce the doubt of 
molecular method being false positive. Eubacterial PCR appeared to be the appropriate method 
of choice in case of bacterial meningitis. We were also able to detect more pathogens compared 
to cultivation in synovial fluid samples. The value of eubacterial PCR, however, seems less 




of possible bacterial pathogens causing VAP and septic arthritis, our results show that specific 
PCR panels may miss many pathogens that are not included in the assay in BAL and synovial 
fluid samples.  
 
Whole-genome sequencing of Klebsiella pneumoniae 
Good discrimination between the isolates is especially important when we are determining the 
outbreak and isolates belonging to the outbreak.  
The most represented ST in CP-K. pneumoniae in our study was ST437 (Table 45), a single 
locus variant of ST258 from the widely distributed clonal group CG258 (124). This is due to 
the first hospital outbreak with aforementioned ST437 and ST147, that occurred in 2014–2016 
(71), with OXA-48- and/or NDM-1-producing K. pneumoniae. Almost identical plasmid was 
confirmed in different outbreak isolates belonging to the two STs suggesting plasmid-mediated 
spread of blaOXA-48 resistance genes. This is in concordance with initial molecular analysis 
of the outbreak where MluI-PFGE demonstrated oligoclonal structure in epidemiologically 
clearly linked patients (71). A recent study shows that the most common and high-risk clonal 
lineages in Europe are ST11, ST15, ST101 and ST258 and their derivatives (60), of which STs 
15, 101 and 258 were also detected among our isolates. ST307, the cause of the recent outbreak 
with OXA-48/NDM-1 producing and colistin-resistant K. pneumoniae in Germany (63), was 
not found among our isolates. 
WGS analysis revealed an additional outbreak isolate (BR252-15; Figure 1). Initial 
epidemiological investigation did not establish any connection between the patient, from whom 
this K. pneumoniae ST437 was isolated, and the wards where other infected patients were 
hospitalized, whereas our WGS analysis suggested that this isolate was part of the same 
outbreak, clustering together with the rest of ST437 outbreak isolates based on cgMLST. It was 
also confirmed that the same plasmid, carrying blaOXA-48, was present in the patient's isolate 
and other outbreak isolates (Figure 3) showing the potential of WGS to enhance conventional 
epidemiologic investigation and allow a more accurate control of an outbreak (16). 
We detected a combination of three different beta-lactamase genes blaOXA-48, blaNDM-1 and 
blaCTX-M-15 in six ST437 isolates, which to our knowledge is the first described combination 
of these genes in ST437. Co-existence of genes for CTX-M-15 and OXA-48 has been observed 
in K. pneumoniae isolate from our source patient (BR329-14) as well as in ST437 isolates in 
Serbia (68), where this patient was previously hospitalized (71). We did not detect blaNDM-
1in K. pneumoniae isolates of the source patient, we did however detect it in E. coli and P. 
mirabilis isolate that were isolated from the same surveillance sample which was presumably 
the source for blaNDM-1 in outbreak K. pneumoniae isolates (71). 
We detected five ST147 isolates, a clone associated with KPC, VIM, NDM, OXA-48-like and 
CTX-M-15 producers and a common ST in Europe, with high prevalence in the Mediterranean 




according to WGS, were epidemiologically confirmed outbreak isolates and clustered together 
with only one allelic mismatch.  
Moreover, four isolates of ST15, a pandemic clone (127), also detected in our neighbouring 
countries Croatia, Austria, and Hungary and associated with OXA-48, NDM-1 and CTX-M-15 
producers (128–130), were detected in our selection, forming an unexpected outbreak. All four 
isolates shared the same beta-lactamase resistance pattern; however, additional epidemiological 
investigations have failed to reveal any clear connection.  
Although it is one of the most commonly identified STs around the world and in Europe 
(60,131), ST258 was found in only one patient in our study which is to be expected as this ST 
is frequently associated with KPC carbapenemase, which is rare in Slovenia (less than 10% of 
CP-K. pneumoniae; Pirš M., personal communication). ST11, one of the most frequently 
detected STs in Europe (60,132), remained undetected among our isolates.  
In the majority of European K. pneumoniae isolates that carried more than one carbapenemase 
gene, the blaOXA-48-like and blaNDM-like combination was reported to be the most common 
(60,63), and it is also the only combination detected in our K. pneumoniae isolates. 
Although blaLEN was observed in ST258 isolate identified as K. pneumoniae according to 
short-read assembly, analysis of the hybrid assembly did not show the gene. However, K. 
pneumoniae belonging to ST258 and carrying blaLEN has already been described (133). This 
discordance of results could be due to use of the two assemblers, which use different algorithms 
for assembly: Velvet assembler for the short-reads assembly and SPAdes for the hybrid-
assembly (53,134).  
It has been previously reported that outbreak isolates can have enhanced virulence potential 
(135), though our findings suggest that the virulence genes alone were not responsible for the 
successful spread of our outbreak clones, since they had a virulence score 0 and possessed a 
maximum of 11 virulence genes, whereas other isolates had a detected maximum of 26 genes, 
which is in accordance with some other studies (136,137). A complete mrk cluster, coding type-
3 fimbriae (19), was detected in majority of our isolates. We did not further investigate the 
missing genes in the mrk cluster in some isolates, although it has been reported that they could 
be interrupted by insertion sequences, which results in impaired detection (89). A complete 
locus of an alternative siderophore-coding yersiniabactin was detected in few isolates, but none 
of them was an outbreak isolate. The yersiniabactin locus is often found in CP-K. pneumoniae 
and is strongly associated with isolates from the respiratory tract, including CP ST258 (138). 
Our results are in concordance with this association, as all eleven genes of the locus were 
detected in our ST258 CP isolate. The aerobactin (iuc) locus, which consists of iucA-D and 
iutA genes, has been known for its connection with virulence, and it was suggested its role in 
virulence is the most crucial among siderophore-coding loci (139). We detected iuc locus in 
few of the outbreak isolates, which were without detected ybt locus. All of our outbreak isolates 
were therefore scored by virulence score 0, including majority of the remaining isolates. Our 





All of our isolates belonging to the largest cluster ST437 were assigned wzi-109, a combination 
that has been previously reported (140). The wzi gene is a part of the cps locus responsible for 
synthesis of capsule polysaccharide and associated with virulence and capsular switching, 
important for escaping the host immune response (19,141). The gene can thus be used for 
characterization and typing of K. pneumoniae isolates. Previous studies report a possible 
exchange of the cps locus, including wzi genes, between K. pneumoniae strains, although it is 
not clear if horizontal exchange and capsular switching is equally common in all clonal groups 
and STs (62,141). Some correlation has been reported between certain wzi types and 
carbapenem-resistance genes, namely KPC-2, ST258 and wzi-29 (89,131). wzi-29 was indeed 
detected in one of our isolates belonging to this well-known clone, which was positive for 
blaKPC-2. We detected two new wzi types. 
IncL/M (pOXA-48), an epidemic plasmid connected with the worldwide dissemination of 
blaOXA-48 (102), was detected in our blaOXA-48 positive isolates, suggesting it could be 
responsible for the carbapenem resistance in K. pneumoniae isolates in Slovenian hospital. The 
genetic environment of blaOXA-48 was consistent with previous work (102). Our findings 
regarding IncA/C plasmids could be compatible with Hancock et al. (142), highlighting an 
association with blaNDM, although this gene can also be associated with a number of other 
plasmids (97,143).  
However, assembly of plasmids is difficult to achieve with short reads generated with Illumina 
Miseq (144), so further analysis is needed for determination of the possible plasmids 
responsible for all acquired resistance determinants in our isolates. With long-read sequencing 
of outbreak isolates, we confirmed almost exactly the same plasmid present in all five isolates 
(ST437 and ST147) positive for blaOXA-48, suggesting the plasmid-mediated spread of 
carbapenem-resistance among different STs and showing the importance of WGS in identifying 
and characterizing outbreaks. 
 
Whole-genome sequencing in spiked samples  
Our results show that typing can only be done in specimens with high concentration of bacteria, 
which is rarely the case with blood (27). Studies on the concentration of pathogens in 
bacteraemia are scarce, although high-level bacteraemia is most common in children (145), 
where data suggest that bacterial load can sometimes go above 105 CFU/mL. 
Although K. pneumoniae is the second most common cause of community- and hospital-
acquired Gram-negative bloodstream infections after E. coli (146), there are few studies 
regarding bacterial load of K. pneumoniae in blood (146–148). There are only few reports on 
concentration of bacteria being higher than 102 CFU/mL (146–148), or even above 105 CFU/mL 
(148), which may be enough for typing directly in sample. In a study of bacteraemia by Grumaz 
et al. (29), they managed to detect K. pneumoniae with NGS in plasma sample of one patient 
and for another patient, sequence coverage was sufficient for detection of resistance genes 




compared to NGS (30), the latter method was more successful in detection of bacterial 
pathogens, showing a promise in cases, where pathogen cannot be detected with other methods. 
In our sample with spiked K. pneumoniae in initial concentration 106 CFU/mL, the results were 
in concordance with results from bacterial culture sequencing. Four antimicrobial genes 
detected from the culture were missing in spiked sample; nonetheless, detection of other 
resistance genes, virulence genes, as well as typing, could be performed. In other samples typing 
and in-depth analysis of genetic environment was not possible; however, detection of bacteria 
in the sample was achieved. 
 
Whole-genome sequencing for identification of bacteria and typing 
Whole-genome sequencing is a beneficial tool assisting us in outbreak investigation and 
infection control procedures, which is also very promising for clinical identification of 
pathogens (16). The advantage of WGS is that one sequencing protocol can be employed for 
identification, determination of virulence and antimicrobial resistance genes and typing (15). 
However, the whole procedure is still cumbersome and it can take several days to get the final 
results (15,16).  
MLST, which can be performed as a genotyping tool within the bioinformatical analysis of the 
sequences (1), allows us to identify bacterial clones involved in outbreaks. This can be done 
along with detection of resistance and virulence genes, which can attribute to success of 
bacterial spread in the hospital or community. With the advances in long-read sequencers, 
plasmids and their possible exchange between different bacterial clones or even species can be 
determined. Thus, WGS has proved its usefulness especially in outbreak investigation. 
Not many studies are done on NGS detection of bacterial pathogens directly in clinical samples. 
Proportion of reads corresponding to pathogen is very low in clinical samples and costs, 
although decreasing, are still high (15,17). Identification, and to some extent even detection of 
resistance genes, are possible directly in clinical samples (29), which was observed in our 
experiment; nonetheless, it does not seem likely that metagenomic approach for bacteria that 
are readily detected with cultivation or PCR-based methods is to be implemented in routine 






- The first hypothesis could be only partially confirmed. In general, time to results was 
shorter with eubacterial PCR than with cultivation. In cerebrospinal fluid and synovial fluid 
samples, pathogens were detected more often with PCR than with cultivation. The same 
applies to bronchoalveolar lavage samples, however, generalising the number of positive 
samples can be especially problematic with eubacterial PCR, which faces the problem of 
contaminants in this type of samples, so results should be interpreted cautiously. When 
results with both methods were positive, we did detect the same pathogen in most of the 
samples. 
- The second hypothesis can be confirmed. Syndrome-based specific real-time PCR did 
allow us to detect bacteria included in each panel more often and faster than eubacterial 
PCR.  
- The third hypothesis can also be confirmed. We managed to thoroughly type and determine 
different genetic elements of K. pneumoniae bacterial culture with next-generation 
sequencing. This type of analysis proved to be useful in outbreak investigation as well as 
in determination of circulating clones in the population. We also detected K. pneumoniae 
directly in blood samples. However, bacterial concentration needs to be quite high if we 
want to determine genetic determinants. For lower bacterial loads only detection in sample 
was possible, something that can be done routinely with cultivation or PCR-base molecular 
methods with lower costs and in shorter time. For now, next-generation sequencing of 





7 POVZETEK V SLOVENSKEM JEZIKU 
Z namenom ocene uporabnosti molekularnih metod na osnovi verižne reakcije s polimerazo 
(angl. polymerase chain reaction, PCR) v bakteriološki diagnostiki, smo širokospektralni 
evbakterijski PCR in sindromsko usmerjene specifične PCR primerjali s kultivacijo. Metoda 
sekvenciranja naslednje generacije (angl. next-generation sequencing, NGS) nam je po 
predvidevanjih omogočila dobro opredelitev izolatov bakterije Klebsiella pneumoniae, z njo pa 
smo tudi uspeli dokazati prej omenjeno bakterijo v vzorcih krvi, čeprav je vloga NGS v rutinski 
diagnostiki v bližnji prihodnosti vprašljiva. 
 
PREGLED OBJAV  
Hitra in točna diagnostika bakterijskih okužb je izrednega pomena za primerno obravnavo in 
zdravljenje bolnikov (1,2). Razvoj molekularnih metod nam je omogočil hitrejšo diagnozo, 
enostavnejše dokazovanje neobičajnih bakterij in bakterij, ki za svojo rast potrebujejo posebne 
pogoje, hkrati pa omogoča dokaz bakterij v vzorcih, ki so bili odvzeti po tem, ko je bolnik prejel 
antibiotično terapijo (1). Tipizacija bakterij je pomemben del epidemiološkega spremljanja 
okužb in ukrepov za njihovo preprečevanje, s pojavom tehnik NGS pa je postala še bolj 
podrobna.  
 
Pregled molekularnih metod 
Metoda PCR je ena izmed najbolj razširjenih molekularnih metod za detekcijo patogenov (1). 
Izolaciji nukleinskih kislin sledi njihovo pomnoževanje ter sekvenciranje pomnožka v primeru 
klasične metode PCR ali detekcija tarčnega zaporedja s sondami pri PCR v realnem času (1). 
Metodo PCR lahko uporabimo za dokaz specifičnih patogenov, lahko pa z uporabo 
širokospektralne PCR metode, kot je npr. 16S rDNK PCR, dokazujemo vse bakterijske vrste 
(5).  
S sindromsko diagnostiko želimo dokazati in identificirati patogene, ki so povzročitelji 
določenega sindroma oz. klinične slike. Temelji lahko na PCR v realnem času ali na klasičnih 
PCR metodah (10). Na tržišču so na voljo različni komercialni testi na osnovi PCR v realnem 
času, ki so bili razviti za detekcijo povzročiteljev bakteriemije, okužb centralnega živčevja, 
respiratornega in gastrointestinalnega trakta (11).  
Sekvenciranje celotnega genoma (angl. whole-genome sequencing; WGS) z NGS nam 
omogoča pomnoževanje in detekcijo vseh nukleinskih kislin, ki so prisotne v vzorcu (15,16). 
Enak protokol se uporablja za detekcijo vseh patogenov za namene identifikacije ali tipizacije 
(15). Detekcija genov za odpornost proti antibiotikom in virulenčne dejavnike, določanje 
plazmidnih tipov in druge metode tipizacije (npr. MLST) se vse lahko izvedejo v analitičnem 





Pregled kliničnih slik in povzročiteljev 
Pri pljučnici, povezani z mehanskim predihavanjem (angl. ventilator-associated pneumonia, 
VAP), gre za vnetje pljučnega parenhima, ki ga povzročijo patogeni mikroorganizmi, ki v 
pljučih niso bili prisotni ob uvedbi mehanske ventilacije (31). Pri 80 % bolnišničnih pljučnic 
gre za VAP, pojavi pa se lahko v do 28 % bolnikov, ki so mehansko ventilirani vsaj 48 ur (31–
33). Najpogostejši povzročitelji so Staphylococcus aureus, Haemophilus influenzae, 
Streptococcus pneumoniae, Escherichia coli, Proteus spp., Enterobacter aerogenes, K. 
pneumoniae, Serratia marcescens, Pseudomonas aeruginosa, Enterobacter spp., Acinetobacter 
spp. in Stenotrophomonas maltophilia (31,32). Orofaringealna mikrobiota v vzorcih 
bronhoalveolarne lavaže (BAL) se smatra za kontaminacijo, ne glede na količino bakterij v 
vzorcu, vendar smernice niso zelo jasne o pomenu in njihovi vlogi pri nastanku VAP (36,37). 
Meningitis in encefalitis sta življenjsko ogrožajoči okužbi osrednjega živčevja, ki ju pogosto 
spremljajo dolgoročne nevrološke posledice (39,40). V nastanek bakterijskega meningitisa so 
najpogosteje vpleteni S. pneumoniae, Neisseria meningitidis, Streptococcus agalactiae, H. 
influenzae, Listeria monocytogenes in E. coli (40,41). Mikrobiološka diagnostika vključuje 
kultivacijo likvorja in fenotipsko testiranje odpornosti proti antibiotikom. Barvanje po Gramu, 
lateksna aglutinacija in PCR so dodatne diagnostične metode, ki so še posebej koristne, kadar 
pri kultivaciji likvorja bakterije ne porastejo (42). Komercialni PCR testi, kot je FilmArray, 
omogočajo hitro diagnostiko za namene dokazovanja širokega nabora povzročiteljev 
meningitisa in encefalitisa (41).  
Incidenca septičnega artritisa se povečuje v zadnjih letih, kar je posledica staranja prebivalstva, 
intenzivne uporabe sklepnih vsadkov in imunosupresivnega zdravljenja (47–50). Septični 
artritis običajno prizadene starejše in otroke, čeprav se lahko pojavi v vseh starostnih skupinah 
(48,49). Najpogostejši povzročitelj septičnega artritisa pri odraslih je S. aureus, sledijo pa mu 
vrste iz rodu Streptococcus. Pri otrocih najpogosteje najdemo bakterije S. aureus, S. 
pneumoniae in Kingella kingae (48). Anaerobne bakterije redko izoliramo, vendar bi lahko bila 
njihova vloga podcenjena zaradi zahtevne kultivacije v anaerobnih razmerah (48,52).  
 
Klebsiella pneumoniae 
K. pneumoniae je po Gramu negativna bakterija iz družine Enterobacteriaceae, ki jo povečini 
povezujemo z bolnišničnimi okužbami (53,56). Je drugi najpogostejši vzrok za bakteriemijo 
povzročeno s po Gramu negativni bakterijami (57). O povečani odpornosti proti karbapenemom 
pri bakteriji K. pneumoniae so poročali v številnih evropskih državah, pri čemer se 
najpogostejši tipi karbapenemaz razlikujejo od države do države (58,60,61) 
V Sloveniji se je sistematični laboratorijski nadzor proti karbapenemom odpornih 
enterobakterij začel v začetku 2010. V obdobju 2014–2017  je bilo v Sloveniji odkritih 91 
bolnikov s K. pneumoniae, ki je proizvajala karbapenemaze (angl. carbapenem-producing, CP), 
skoraj polovica je bila del prvega slovenskega izbruha s CP-enterobakterijami, ki je trajal od 




NAMEN IN HIPOTEZE 
Cilj predlagane raziskave je bila uvedba različnih sindromsko usmerjenih specifičnih 
mnogokratnih PCR in ovrednotenje njihovega pomena za mikrobiološko diagnostiko okužb ter 
primerjava s klasično mikrobiološko diagnostiko (kultivacijo, identifikacijo, antibiogrami), kot 
tudi s 16S rDNA evbakterijskim PCR. Želeli smo ovrednotiti vlogo molekularnih metod za 
ugotavljanje protimikrobnih odpornosti v primerjavi s klasičnimi metodami določanja rezistenc 
(antibiogram) in za določanje virulentnih dejavnikov. Želeli smo tipizirati bakterije z metodo 
sekvenciranja naslednje generacije in oceniti možnost njene implementacije v klinično 
mikrobiologijo. 
Hipoteze: 
- Predpostavljamo, da bomo z evbakterijskim PCR pogosteje in hitreje dokazali 
povzročitelja okužbe, kot z metodo standardne kultivacije, ter da bomo v večini primerov 
z obema pristopoma dokazali istega povzročitelja. 
- Predpostavljamo, da bomo z mnogokratnimi sindromsko usmerjenimi PCR pogosteje in 
hitreje zaznali specifičnega povzročitelja kot z evbakterijskim PCR. 
- Pričakujemo, da bomo opredelili vlogo sekvenciranja naslednje generacije tako v klinični 
bakteriologiji kot na modelu bakterije Klebsiella pneumoniae.  
 
MATERIALI IN METODE 
V študijo metod za dokazovanje pljučnice, povzročene z mehanskim predihavanjem, so bili 
vključeni bolniki s sumom na to diagnozo. Kontrol zaradi invazivnosti jemanja vzorca ni bilo. 
V študijo metod za dokazovanje bakterijskega meningitisa so bili vključeni bolniki s sumom na 
bakterijski meningitis, v kontrolno skupino pa so bili vključeni bolniki s sumom na virusni 
meningitis. V študijo metod za dokaz septičnega artritisa smo vključili bolnike s sumom na 
septični artritis, v kontrolno skupino so bili vključeni bolniki z artritisom v okviru vnetne 
revmatične bolezni. 
 
Mikrobiološke metode v diagnostiki različnih sindromov 
Na kliničnih vzorcih (likvor, sklepna tekočina, bronhoalveolarni izpirek ali izpirek bronha) smo 
izvedli standardno kultivacijo – kužnine so bile nacepljene na ustrezna gojišča, čemur je sledila 
inkubacija vzorca, detekcija in opredelitev povzročitelja. 
Iz kužnine smo izolirali celokupno DNK in izvedli klasično PCR reakcijo z oligonukleotidnimi 
začetniki za gen za 16S rRNK (evbakterijski) PCR, čemur je sledilo sekvenciranje po Sangerju 
in primerjava dobljenih sekvenc s podatkovno bazo dostopno na spletu. Mnogokratne 




evbakterijski PCR in jih izvajali s PCR v realnem času. V kužninah spodnjih dihal smo z njimi 
določali naslednje bakterije: S. pneumoniae, M. catarrhalis, H. influenzae, P. aeruginosa, S. 
aureus, Acinetobacter baumannii, E. coli, Chlamydophila pneumoniae in Mycoplasma 
pneumoniae. V sklepni tekočini smo določali: S. aureus, K. kingae, S. agalactiae, S. 
pneumoniae, P. aeruginosa, E. coli, K. pneumoniae. V likvorju smo določali bakterije, ki 
najpogosteje povzročajo meningitis: N. meningitidis, S. agalactiae, S. pneumoniae, H. 
influenzae, E. coli, L. monocytogenes. Izvedli smo tudi komercialni test FilmArray® 
Meningitis/Encephalitis (ME) Panel, namenjen detekciji istih vrst bakterij kot pri specifičnem 
PCR, z izjemo E. coli, saj je v FilmArray vključena E. coli K1. 
Evbakterijski in mnogokratni sindromski PCR smo primerjali med seboj glede na specifičnost, 
občutljivost in hitrost. Rezultate obeh molekularnih pristopov smo primerjali tudi s kultivacijo, 
ki smo jo opredelili za zlati standard. Ujemanje med metodami smo testirali z McNemarjevim 
testom za povezane spremenljivke. 
 
Molekularne metode za detekcijo karbapenemaznih genov in sekvenciranje naslednje 
generacije 
V drugem delu naloge smo analizirali 32 bakterijskih izolatov iz kulture K. pneumoniae. Izvedli 
smo specifični PCR v realnem času za dokaz glavnih karbapenemaznih genov (blaOXA-48-
like, blaNDM-1, blaVIM, blaKPC in blaIMP). Na istih izolatih smo tudi uporabili metodo NGS 
s sekvenatorjem Illumina MiSeq. Iz sekvenciranih genomov smo določili rezistenčne gene, 
virulenčne gene, bakterije smo tipizirali z MLST in primerjali z MLST na osnovi jedrnega 
genoma (angl. core genome MLST, cgMLST). Določili smo wzi tip in plazmidne tipe. Na šestih 
izolatih smo izvedli tudi sekvenciranje dolgih odčitkov z GridION (Oxford Nanopore 
Technologies), da bi preverili, če se je med različnimi sekvenčnimi tipi prenašal isti plazmid z 
zapisom za rezistenco OXA-48. 
Izolat K. pneumoniae, ki je bil del izbruha in smo ga prej opredelili z NGS iz kulture, smo v 
treh  koncentracijah (106, 104 in 103 CFU/mL) nacepili v polno kri, za katero smo prej potrdili, 
da nima prisotnih mikrobov. Plazmo smo izolirali in z metodo NGS (Illumina MiSeq) smo 
poskušali dokazati bakterije neposredno v kužnini. Izvedli smo identifikacijo bakterije v 
vzorcu, prav tako smo jo poskušali tipizirati z MLST, wzi tipizacijo, poskušali smo detektirati 
gene za odpornost proti antibiotikom in gene za virulenčne dejavnike.  
 
REZULTATI 
Stopnja ujemanja molekularnih metod s kultivacijo je bila zelo različna za vsakega izmed 
sindromov. V primeru bakterijskega meningitisa je bilo ujemanje visoko, nižje pa je bilo v 
primeru vzorcev BAL. Z NGS smo tipizirali in opredelili izolate K. pneumoniae, ki smo jo 






Opredelitev bakterijskih povzročiteljev pljučnice, povezane z mehanskim predihavanjem 
V raziskavo je bilo vključenih  28 bolnikov oz. 31 vzorcev BAL ali izpirkov bronha. Kultivacija 
je bila pozitivna v 10 (32,2 %) vzorcih, evbakterijski PCR v 16 (49,5 %) in respiratorni panel v 
11 (35,5 %) vzorcih. Občutljivost evbakterijskega PCR je bila 81,8 %, njegova specifičnost pa 
47,8 %. Občutljivost respiratornega panela je bila 100 %, specifičnost 81 %.  
Rezultati vseh treh metod so se ujemali pri 14 (45,2 %) vzorcih. Z evbakterijskim PCR smo 
zaznali dodatne bakterije, ki niso običajni povzročitelji VAP (npr. S. pyogenes, Mycoplasma 
salivarium, Corynebacterium sp.). Z respiratornim panelom smo v petih vzorcih zaznali 
bakterije, ki jih s kultivacijo nismo (S. aureus, A. baumannii, S. pneumoniae, H. influenzae, K. 
pneumoniae), negativni pa so bili vsi vzorci, kjer smo s kultivacijo zaznali bakterije, ki niso 
vključene v panel. Z molekularnima metodama smo zgrešili S. maltophilia, ki je porastel iz 
vzorca v katerem je bilo sicer prisotnih več vrst bakterij, v treh vzorcih pa smo s kultivacijo 
dokazanega povzročitelja uspeli določiti z evbakterijskim PCR samo do rodu (Enterobacter sp., 
Burkholderia sp., Citrobacter sp.).  
 
Opredelitev bakterijskih povzročiteljev meningitisa  
V eksperimentalno skupino je bilo vključenih 20 bolnikov. Kultivacija je bila pozitivna pri 
10/19 (52,6 %) vzorcih, FilmArray pri 11/20 (55,5 %) vzorcih, meningitis panel pri 13/20 (65,0 
%) in evbakterijski PCR pri 17/20 (85,0 %) vzorcih. Občutljivost evbakterijskega PCR je bila 
100 %, FilmArraya 85,7 % in meningitis panela 100 %. Specifičnost evbakterijskega PCR je 
bila 85,7 %, FilmArraya 100 % in meningitis panela 100 %. 
Rezultati vseh štirih metod so se ujemali pri 8/19 (42,1 %) vzorcih. Pri dveh vzorcih smo dobili 
pozitiven rezultat samo z evbakterijskim PCR (Enterococcus faecalis, Streptococcus oralis). V 
štirih vzorcih sta bila FilmArray in meningitis panel negativna, ker detektiranih bakterij ni bilo 
v njunem naboru (E. faecalis, S. oralis, Enterococcus faecium). Pri petih vzorcih je bila 
kultivacija negativna, vsi trije molekularni testi pa so detektirali istega patogena (N. 
meningitidis, H. influenzae, S. pneumoniae).  
V kontrolno skupino je bilo vključenih 20 bolnikov, pri desetih je bil vzorec tudi kultiviran. V 
enem vzorcu so vse tri molekularne metode zaznale povzročitelja (S. pneumoniae), pri enem 
vzorcu pa je bil pozitiven samo evbakterijski PCR (Streptococcus sp.). Vsi ostali vzorci so bili 
negativni.  
 
Opredelitev bakterijskih povzročiteljev septičnega artritisa 
V eksperimentalno skupino je bilo vključenih 62 bolnikov. Kultivacija je bila pozitivna pri 8 
(12,9 %) bolnikih, evbakterijski pri 12 (19,3 %) in artritis panel pri 9 (14,5 %) bolnikih. 
Občutljivost evbakterijskega PCR je bila 90,0 %, njegova specifičnost pa 93,8 %. Občutljivost 




Rezultati metod so se ujemali pri 54 (87,1 %) vzorcih, od katerih je bilo 48 negativnih, pri šestih 
pa smo detektirali bakterijo S. aureus. Pri štirih vzorcih smo z evbakterijskim dokazali bakterije 
iz rodu Streptococcus, medtem ko sta bila kultivacija in artritis panel negativna, pri dveh 
vzorcih pa je bil evbakterijski PCR negativen, kultivacija in artritis panel pa pozitivna (S. 
aureus). V dveh vzorcih je bila kultivacija negativna, medtem ko smo z obema molekularnima 
metodama dokazali patogena (S. agalactiae), pri enem vzorcu pa je bila od vseh metod 
pozitivna samo kultivacija (S. aureus).  
V kontrolni skupini je bilo vključenih 60 bolnikov. Kultivacija je bila pozitivna pri enem 
bolniku (1,7 %), evbakterijski PCR pri štirih (6,7 %) in artritis panel prav tako pri enem  (1,7 
%) bolniku. Rezultati vseh treh metod so se ujemali pri 57 bolnikih, od tega je bilo 56 vzorcev 
negativnih, en pa pozitiven (S. aureus). Pri preostalih treh bolnikih smo bakterije dokazali samo 
z evbakterijskim PCR (Cutibacterium acnes, Streptococcus tigurinus, Streptococcus 
dysgalactiae). 
 
Sekvenciranje celotnega genoma iz bakterijske kulture 
V raziskavo smo vključili 32 izolatov K. pneumoniae. Rezultati NGS za detekcijo 
karbapenemaznih genov so se ujemali z rezultati specifičnega PCR. Najpogosteje zaznana sta 
bila gena za blaOXA-48-like (17/32; 53,1 %) in blaNDM-1 (7/32; 15,6 %), pri sedmih izolatih 
smo zaznali oba gena. Pri 27/32 (84,4 %) izolatih smo zaznali gen za CTX-M-15. 
Z NGS smo zaznali 10 različnih sekvenčnih tipov (ST), najbolj pogost je bil ST437 (13/32; 
40,6 %), ki je bil del izbruha skupaj s ST147. Za enega izmed izolatov ST437 se je izkazalo, da 
je del izbruha, čeprav sprva glede na epidemiološke podatke ni bil povezan z izbruhom. Zaznali 
smo dodaten skupek štirih zelo sorodnih izolatov s ST15. Določili smo en nov ST; ST3390. 
Plazmidna analiza dolgih odčitkov je razkrila skoraj identičen plazmid pri petih izolatih z 
detektiranim genom blaOXA-48 in že prej objavljenim referenčnim plazmidom z zapisom za 
OXA-48. 
Le pri petih izolatih smo določili virulenčno stopnjo 1, večini izolatov, vključno z izolati 
vpletenimi v izbruh, pa smo določili virulenčno stopnjo  0. 
 
Sekvenciranje celotnega genoma iz vzorcev krvi 
Bakterijo K. pneumoniae smo zaznali v vseh treh vzorcih krvi. Po sestavljanju genoma de novo 
smo lahko gene za odpornost proti antibiotikom, za virulenčne dejavnike in tipizacijske tipe 
določili samo v vzorcu z nacepljeno koncentracijo bakterij 106 CFU/mL. Rezultati tipizacije in 
detekcije genov iz krvi so se ujemali z rezultati pridobljenimi iz bakterijske kulture istega 








Molekularne metode so se v naši raziskavi dobro izkazale za diagnostiko bakterijskega 
meningitisa in septičnega artritisa, njihova uporaba je bolj vprašljiva v primeru VAP. 
 
Sindromska diagnostika 
Občutljivost in specifičnost evbakterijskega PCR sta bili pri vzorcih BAL relativno nizki. Z 
evbakterijskim PCR smo zaznali mnogo bakterij, ki bi jih lahko uvrstili med mikrobioto 
zgornjega respiratornega trakta in ustne votline (37,104). Tudi specifičnost respiratornega 
panela je bila nižja, je pa določanje specifičnosti lahko problematično, kadar imamo opravka z 
metodami, ki so bolj občutljive od referenčne (107). Neujemanje metod je lahko posledica 
lastnosti nekaterih bakterij, da prerastejo druge, kar se lahko vidi v primeru polimikrobnih 
okužb ali v primeru kontaminacije z mikrobioto (85). 
Občutljivost evbakterijskega PCR in meningitis panela pri vzorcih likvorja je bila mnogo boljša 
kot pri VAP. FilmArray sicer ni zaznal nekaj povzročiteljev, katerih tarče so bile vključene v 
nabor. Problematična je predvsem E. coli, saj je v FilmArray vključena samo E. coli K1, ki je 
sicer odgovorna za večino neonatalnih meningitisov, povzročenih z E. coli, vendar pa je znano, 
da okoli 20 % izolatov nima kapsularnega polisaharida K1 (113,114). Določanje občutljivosti 
metod je pri bakterijskem meningitisu še posebej zahtevno, saj je pozitivnih vzorcev relativno 
malo tudi v objavljenih študijah (41,111). V naši raziskavi bakterijskih meningitisov smo z 
evbakterijskim PCR zaznali največ patogenov, četrtino vseh so predstavljali povzročitelji, ki 
niso bili vključeni v meningitis panel in FilmArray. Je pa hitra diagnostika v primeru 
bakterijskih meningitisov še posebej pomembna, saj je treba pri kontaktih obolelih za 
meningokoknim meningitisom uvesti profilaktično terapijo (40). 
Pravilna diagnoza septičnega artritisa je pomembna predvsem za preprečitev nepovratne 
poškodbe okuženega sklepa. Ker je incidenca bolezni relativno nizka (48,50), smo tudi v naši 
raziskavi zaznali majhen delež pozitivnih vzorcev. S. aureus je bil med našimi bolniki 
najpogostejši povzročitelj, kar je v skladu z izsledki drugih študij. Bakterije iz rodu 
Streptococcus so drugi najpogostejši povzročitelji okužb, v naši raziskavi smo jih večinoma 
zaznali samo z evbakterijskim PCR, s kultivacijo in artritis panelom (razen S. agalactiae) pa bi 
jih zgrešili (50,52). 
Evbakterijski PCR se je izkazal za zelo uporabnega v primeru bakterijskih meningitisov. Tudi 
v primeru septičnih artritisov smo z evbakterijskim PCR večkrat uspeli dokazati povzročitelja, 
je pa vloga evbakterijskega PCR vprašljiva v primeru VAP in vzorcev BAL, kjer so pogosto 
prisotni kontaminanti – respiratorna ali ustna mikrobiota. Zaradi velikega števila možnih 
povzročiteljev VAP in septičnega artritisa, ki niso vsi vključeni v nabor, specifični PCR paneli 
pogosto ne detektirajo pravega patogena. Čeprav je prednost metode krajši čas do rezultata, se 






Sekvenciranje naslednje generacije 
Najbolj pogost ST pri CP-K. pneumoniae v naši raziskavi je bil ST437, ki je variacija po svetu 
razširjenega ST258 (124). To je posledica prvega izbruha v slovenski bolnišnici s prej 
omenjenim ST437 in s ST147 (71). NGS analiza je razkrila dodaten izolat, ki spada k izbruhu, 
čeprav epidemiološke raziskave niso uspele dokazati povezanosti med bolnikom iz katerega je 
bil sev izoliran in bolniki oz. oddelki vpletenimi v izbruh (71). V šestih izolatih ST437 smo 
uspeli dokazati prisotnost treh betalaktamaznih genov blaOXA-48, blaNDM-1 in blaCTX-M-
15, kar je po naših podatkih prva opisana kombinacija teh genov v izolatih ST437.  
Nepričakovan nov izbruh smo ugotovili z detekcijo ST15, pandemičnega klona (127), ki so ga 
že opisali v sosednjih državah (128–130), čeprav nadaljnja epidemiološka raziskava ni razkrila 
nobene očitne povezanosti med temi izolati. 
Že prej je bila opisana povezava med virulenčnim potencialom in sposobnostjo bakterij, da 
povzročijo izbruh (135), čeprav naši rezultati kažejo, da naši izolati, vključeni v izbruh, niso 
imeli več virulenčnih genov oz. nisi bili bolj virulentni od ostalih izolatov v populaciji. 
IncL/M (pOXA-48), plazmid, ki ga povezujejo z razširjanjem  gena za OXA-48 po celem svetu 
(102), je bil prisoten tudi v naših izolatih z zaznanim blaOXA-48, kar nakazuje na to, da bi bil 
lahko odgovoren za širjenje te vrste odpornosti v izolatih iz izbruha in s čimer se kaže predvsem 
uporabnost NGS v dokazovanju in opredeljevanju izbruhov. 
Naši rezultati kažejo, da je tipizacija bakterij z NGS v kužnini mogoča, kadar je bakterijsko 
breme visoko, kar v krvi ni pogosto (27). K. pneumoniae so že uspeli z NGS dokazati 
neposredno v krvi bolnika, pri drugem bolniku, ki je imel sicer okužbo s E. faecium, pa so uspeli 
določiti tudi rezistenčne gene (84,85), kar vzbuja upanje za morebitno uporabo NGS za dokaz 
in opredelitev bakterij direktno v kužnini. 
Sekvenciranje celotnega genoma z metodo NGS je koristno orodje, ki nam lahko pomaga pri 
preiskovanju izbruhov in določanju nadaljnjih postopkov nadzora nad okužbami, ima pa hkrati 
tudi potencial za dokaz patogenov neposredno v kužninah (16). Njegova prednost je en protokol 
za laboratorijski del postopka, ki se lahko uporabi za različne analize z namenom identifikacije, 
tipizacije in določevanja genov za virulenčne dejavnike in rezistence (15). Sam postopek je še 
vedno dolgotrajen in zahteven (15,16). Z razvojem tehnik za sekvenciranje dolgih odčitkov je 
mogoča tudi bolj poglobljena analiza plazmidov, kakor tudi njihov prenos med različnimi 
bakterijskimi kloni ali celo vrstami. Identifikacija bakterij z NGS v kužnini je možna, do neke 
mere tudi opredelitev genov za rezistenco, a trenutno ne izgleda, da bo metoda kaj kmalu prešla 








- Prvo hipotezo lahko deloma potrdimo. Čas do končnega rezultata je bil praviloma krajši z 
evbakterijskim PCR kot s kultivacijo. V vzorcih likvorja in sklepne tekočine smo 
povzročitelje dokazali pogosteje s PCR kot s kultivacijo.  Prav tako smo bakterije dokazali 
pogosteje s PCR pri vzorcih BAL, moramo pa biti previdni pri interpretaciji celokupnih 
pozitivnih vzorcev, saj so v to število pri evbakterijskem PCR pogosto zajeti tudi 
kontaminanti. V primerih, ko so bili vzorci pozitivni z obema metodama, smo v večini 
primerov detektirali istega povzročitelja. 
 
- Drugo hipotezo lahko potrdimo. Specifični PCR v realnem času so nam omogočili 
detekcijo bakterij, ki so bile vključene v nabor, pogosteje kot pri evbakterijskem PCR.  
 
- Tretjo hipotezo lahko potrdimo. S sekvenciranjem celotnega genoma smo izolate 
bakterijske kulture K. pneumoniae uspeli temeljito tipizirati in jim določiti številne 
genetske determinante. Metoda se je še posebej izkazala pri preiskovanju izbruhov, prav 
tako pa tudi pri opredeljevanju bakterijskih klonov, ki krožijo v določenih populaciji. Z 
sekvenciranjem celotnega genoma smo uspeli  dokazati K. pneumoniae direktno v vzorcu 
krvi, čeprav je za nadaljnjo opredelitev takšnih izolatov potrebno visoko bakterijsko breme. 
Pri nižjem bremenu je mogoče samo dokazovanje bakterije v vzorcu, kar se z nižjimi 
stroški in v krajšem času lahko v večini primerov izvede tudi z rutinsko kultivacijo ali 
metodami na osnovi PCR. V našem laboratoriju za zdaj ni verjetno, da bomo sekvenciranje 
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BR4-14  + +   +     +         +  
BR605-15   +        +          + 
BR615-16   +        +           
BM679-17   +        +         +  
BR319-14   +            +       
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BR387-14   +     + +   +    + + +  +  
BR193-17   +    +        +       
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BR252-15  + +  +  +  +   +   + + + +   + + 
BR254-15  + +  +  +  +   +   + + + +   + + 
BR76-16   + +  +  + +    +   +   +   + + 
BR282-16   + +     +    +   +   +   + + 
BR380-15  + +  + + +    +    +      + + 
BR737-16   + +                  + + 













Streptogramin B resistance 

























































































BR318-14 +   +    + + + +  + +  + + + 
BR402-14 +   + +   + + + +  + +  + + + 
BM670-16 +   + +   + + + +  + +  + + + 
BM367-17 +   + +   + + + +  + +  + + + 
BM433-16 +                  
BR406-15 +       +        +   
BR4-14 +   + +    + + +  + +  + +  
BR605-15 +     +  +      + + + +  
BR615-16 +       +       +  +  
BM679-17 +       +      +   +  
BR319-14 +       +        +   
BR329-14 +       +     +      
BR370-14 +       +        +   
BR387-14  +       +        +   
BR193-17 +  +    + +    + + +  + +  
BM230-17 +  +   +       +     + 
BR470-15  +                 
BR321-14 +       +     +      
BR328-14 +       +        +   
BR38-15  +   + +   + +  +  +    +  
BR103-15  +   + +   + + + +  + +  + + + 
BR179-15  +   + +   + + + +  + +  + + + 
BR194-15  +   + +    + + +  + +  + + + 
BR211-15 +   + +   + + + +  + +  + + + 
BR207-15 +       + + + +  + +  + +  
BR247-15  +        + + +  + +  + +  
BR252-15 +   + +   + + + +  + +  + + + 
BR254-15 +   + +   + + + +  + +  + + + 
BR76-16  +        +  +  + +  + +  
BR282-16  +         +   + +  +   
BR380-15 +            +      
BR737-16 +                  




Table S4. Results of plasmid multilocus sequence typing (pMLST) and detection of different plasmid incompatibility groups in 32 Klebsiella pneumoniae isolates with whole-































































































































































BR318-14 IncAC[ST-3]           +                             +     
BR402-14 IncAC[ST-3]           +                             +     
BM670-16 IncAC[ST-3]           +                             +     
BM367-17 IncAC[ST-3]           +                             +     
BM433-16 NA   +                                         + 
BR406-15 IncF[F2:A-:B-]               +                       +       
BR4-14 IncAC[ST-3], IncF[K-:A13:B-] +         + +       +                 + +     
BR605-15 IncF[K-:A13:B-], IncHI2[ST-1] +           +             +     +   +   +     
BR615-16 IncF[K-:A13:B-] +           +                           +     
BM679-17 IncF[K2:A13:B-], IncHI1[Unknown ST] +   +       +   +     + +   +           +     
BR319-14 IncF[F2:A-:B-]     +         + +     +     +         + + +   
BR329-14 IncF[K1:A-:B-]                 +   +                 +       
BR370-14 IncF[F2:A-:B-], IncHI1[Unknown ST]     + +       + +           +         + + +   
BR387-14 IncF[F2:A-:B-], IncHI1[Unknown ST]     + +       + +     +     +         + + +   
BR193-17 IncF[K12:A21-like:B70], IncHI1[Unknown ST]         +             +     + +   +   +       
BM230-17 IncF[K2:A-:B-]     +           +   +   +                   + 
BR470-15 NA                                       +       
BR321-14 IncF[K1:A-:B-]                 +   +                 +       
BR328-14 IncF[F2:A-:B-]     + +       + +     + +   +         + + +   
BR38-15 IncAC[ST-1], IncF[K1:A-:B-]           +     +   +                 +       
BR103-15 IncAC[ST-3], IncF[K1:A-:B-]           +     +   +                 +       
BR179-15 IncAC[ST-3], IncF[K1:A-:B-]           +     +   +                 +       
BR194-15 IncAC[ST-3]           +                           +       
BR211-15 IncAC[ST-3], IncF[K1:A-:B-]           +     +   +                 +       
BR207-15 IncAC[ST-3], IncF[K1:A-:B-]           +   + +     +     +         + + +   
BR247-15 IncAC[ST-3]           +                           +       
BR252-15 IncAC[ST-3], IncF[K1:A-:B-]           +     +   +                 +       
BR254-15 IncAC[ST-3], IncF[K1:A-:B-]           +     +   +                 +       
BR76-16 IncAC[ST-3], IncF[K1:A-:B-]           +     +   +                 +       
BR282-16 IncAC[ST-3], IncF[K1:A-:B-]           +                           +       
BR380-15 IncF[K5:A-:B-]                 + + +                 +       
BR737-16 NA                                       +       

















































































































































BR318-14 0 + + + + + + + +           + + +                       + + + + + + + + + +   
BR402-14 0 + + + + + + + +           + + +                       + + + + + + + + + +   
BM670-16 0 + + + + + + + +           + +                         + + + + + + + + + +   
BM367-17 0 + + + + + + + +           + + +                       + + + + + + + + + +   
BM433-16 0 + + + + + + + +           + + + + + + + + + + + + + +                       
BR406-15 1 + + + + + + + +                                       + + + + + + + + + + + 
BR4-14 1 + + + + + + + +           + + +                       + + + + + + + + + + + 
BR605-15 1 + + + + + + + +           + + +                       + + + + + + + + + + + 
BR615-16 1 + + + + + + + +           + + +                       + + + + + + + + + + + 
BM679-17 0 + + + + + + + + + + + + + + + +                       + + + + + + + + + +   
BR319-14 0   + + + +   + +                                                             
BR329-14 0 + + + + + + + +                                                             
BR370-14 0   + + + +   + + + + + + +                                                   
BR387-14 0   + + + +   + + + + + +                                                     
BR193-17 0 + + +   + + + +                                                             
BM230-17 1 + + + + +   + +                                       + + + + + + + + + + + 
BR470-15 0 + + + + + + + +                     + + +   + +   + + +       + +           
BR321-14 0 + + + + + + + +                                                             
BR328-14 0   + + + +   + + + + + + +                                                   
BR38-15  0 + + + + + + + +                                                             
BR103-15  0 + + + + + + + +                                                             
BR179-15  0 + + + + + + + +                                                             
BR194-15  0 + + + + + + + +                                                             
BR211-15  0 + + + + + + + +                                                             
BR207-15 0 + + + + + + + + + + + + +                                                   
BR247-15  0 + + + + + + + +                                                             
BR252-15 0 + + + + + + + +                                                             
BR254-15 0 + + + + + + + +                                                             
BR76-16  0 + + + + + + + +                                                             
BR282-16  0 + + + + + + + +                                                             
BR380-15 0 + + +   + + + +                                                             
BR737-16 0 + + + + + + + +                                                             
Legend: Rows coloured in light grey – outbreak isolates; Rows coloured in dark grey – additional determined outbreak isolate 
